






PETER J C SMITH BSc 
DOCTOR of PHILOSOPHY 
UNIVERSITY of EDINBURGH 




This thesis describes work carried out by me 
under the supervision of Professor D.A. Rees in the 
Department of Chemistry of the University of Edinburgh 
between october 1969 and September 1971, and on leave of 
absence at the Unilever Research Laboratory, Colworth House, 
in Bedfordshire, from october 1971 until September 1972. 
I would like to express my most sir.cere thanks 
to Prof. Rees for introducing me to the field of biophysical 
science and especially for his constant guidance and 
encouragement over the last three years. 
I am also very grateful to Drs. C.T. Greenwood 
and M.A.D. Fluendy, who acted as internal supervisors, to 
the professors and the Department of Chemistry at Edinburgh 
and to Unilever Research at Colworth for providing research 
facilities, to the ever-helpful staff of the Edi�burgh 
Regional Computing Centre, to Marine Colloids Inc. and 
Unilever Research for maintenance grants, and particularly 
to many f1ienus and colleagues in Edinburgh and at Colwortn 
for help, advice, support and encouragement. 
�Pnt,=,.mho,.-. 1 07? 
--.- ------ _ _, ,  __
iii 
NOTE 
Almost all work published in this field is 
in c.g.s, units, a convention which has been continued 
in this thesis. The relevant conversion factors are: 
1 kcal = 4.2 kJ, 	1 9 = 0.1 nm 
iv 
ABSTRACT 
physical and calculation methods of determining 
conformation in carbohydrates are reviewed. 
An intramolecular potential function is 
formulated, incorporating terms for non-bona.ed 
van u.er Waals interactions, polar interactions, the bond 
torsion effect and hyaroen bonding. Methods of calculating 
thermodynamic average energies are discussed. The effects of 
molecular environment and of entropy contributions to 
conformational free energy are considered. 
The conformational enthalpies of pentoses are 
calculated and compared with experiment. Moderate correlation 
is demonstrated. 
The effect of the conformation of disaccharide 
linkages is considered, and a method is described and 
applied for the calculation thence of helix parameters. The 
conformational enthalpy surface in terms of linkage rotation 
angles is calculated for maltose and. cellobiose 	The results 
are correlated with known crystal iolution and polysaccharide 
structures, and show better agreement than previously 
published work, although fewer assumptions regarding specific 
hydrogen bonus are made. 
V 
Some polysaccharide applications are described. 
The geometry of cation coordination to a1inates and 
pectin is investibated and a model proposed. The 
conformational enthalpy difference between coil and double 
helix forms of carrageenan is calculated, and other terms 
discussed in relation to the observed cooperativity of the 
transition. It is concluded that desolvation of the coil 
is an important effect, and that the observed optical 
rotation change is due to the displacement of the linkage 
conformation of the helix from the position of minimum 
linkage conformational energy. The relative stabilities 
of the riht- an'. left-hanued structures for triple helical 
3-1,5 xylan are calculated and found to be almost equal. 
The single and uouble helical proposed structures of 
B-amylose are briefly discussed, 
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CHAPTER 1 
INTRODUCTION - 





The principal aim of physical science is to 
describe and thereby predict the behaviour of matter: 
that of biology to understand the observed characteristics 
of living things. The advent of computers has enabled 
scientists in many fields to formulate such descriptions 
in formal mathematical terms: to describe physical, 
chemical and biological properties on an atomic or 
molecular basis. 
This work is an attempt to further the study of 
the shapes adopted by carbohydrate molecules. Carbohydrates 
as sugars and polymers are vital constituents of all living 
systems, and form a considerable and essential part of the 
diet of all animals, including humans. A full knowledge 
of their structure and an understanding of the factors 
determining it, is thus of both immediate and long term 
importance. 
1.2 	Th. CONFORiYiATIONAL FHCBLS IN CAOHYDRATS 
once the chemical constitution of a monosaccharide 
has been determined, there remain three areas of structurai 
uncertainty. 
Firstly, there is the question of the arrangement 
of the carbon backbone of the wolecuie. In the molecules 
to be considered, pentoses and hexoses, is the predominant 
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Fig. 1. possible structure for a hexose: (a) straight chain, 





Fig. 2. possible conformations of the pyranose ring: 
(a) Reeves Cl chair, (b) Reeves 1C chair, 
(c) Reeves BI boat (there exist several other boats). 
membered (furanose)ring, or (c) the six-membered 
(pyranose) ring, or some other form, or even a mixture? 
It is, in fact well established that most such sugars 
exist mainly in the pyranose form and this will be the 
only one to be considered in this thesis Within the 
class of pyranose rings, there can exist without undue 
strainin, of tetrahedral bond angles several shapes of 




The two 'chair' conformations, and 
The several 'boat' forms. 
Fortunately the potential minima in which these exist 
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Fig. 3. For a specified ring conformation, the positions 
of these atoms are all fixea by the assumption of rigid 
bonds and bond angles. 
(or possibly a mixture) of these conformations, and not in 
any intermediate form. Partly because of this, the ring 
conformation of most sugars has been established for some time. 
If the positions of the ring atoms are thus 
fixed, certain other atoms (fig. 3) are also fixed in 
position merely by assuming fixed bond lengths and angles. 
There remain, however, other 'pendant' atoms which can 
by rotation about single bonds. A second problem, therefore, 
is the disposition of these atoms, and this is discussed in 
1 +r. 	 ,-f' 4-i . 	4-1-, - a 	 .. . 
Thirdly, 	speeil case of tlip pendant. group 




Fig. 4. Angles and i determining linkage or chain 
conformation. 
higher sugars where the pendant group is another sugar 
ring. This situation may be viewed more symmetrically 
(fig. 4) as involving two degrees of freedom, namely 
rotation about the two angles designated 	and iii. These 
constitute the 'linkage conformation', In a. given 
polysaccharide the linkage conformation may be the same 
(within narrow limits) between each pair of residues, or 
it may vary more or less randomly. This behaviour will 
determine the shape of the polymer, its chain conformation'. 
Regular linkage conformation gives a helical chain, randomly 
distributea linkages give a flexible molecule, the 'random 
This last property is one which plays a major role 
in the determination of the physical properties of the 
polysaccharides, and conversely, in order to understand the 
structural properties of these important molecules, a 
knowledge of the contributory molecular properties is 
essential, 
1.3. METHODS OF CONPORiiATIONAL ANALYSIS 
The determination of conformation may be achieved 
by a variety of experimental methods, or alternatively, 
predictions can be made from several calculation methods 
based on more or less empirical assumptions. 
Experimental methods, described in sections 1.4 
to 1,8 include equilibrium constant determination and their 
thermodynamic analysis and systematisation, nuclear magnetic 
resonance (NNR), x-ray diffraction, chiroptical properties 
and infra-red. spectroscopy. 	With the exception of x-ray 
diffraction, these generally provide information on th 
position of equilibrium between different conformational or 
configurational states. X-ray work can, in principle, yield 
the complete structure of any crystallisable substance, and 
in the carbohydrate field has been thus successfully applied 
to many monosaccharides and smaller oligosaccharides. 	It is 
also of treat use in the examination of the one-dimensional 
'crystallinity' in helical polysaccharides. 
From a theoretical standpoint, the methods of 
.11  
quantum mechanics may be used completely to describe the 
properties of a molecule of known structure, in particular 
its relative energy and hence its preferred conformation. 
In practice, however, for molecules as large as carbohydrates, 
this method is prohibitively costly in computing time. 
Nevertheless, simplified treatments have had some success. 
The others of the calculation methods discussed in sections 
1.9 to 1.12 are more empirically based: they assume more or 
less classical behaviour of nonbonded atoms. Although 
inherently less exact, these methods have had notable triumphs. 
1,4  EXPERIMENT-BASED WORK -EARLY METHODS. 
Although it was Haworth 
0
writing in 1929 who is 
generally credited with introu.ucing the term 'conformation', 
it was not until about 195C that conformational analysis in 
the sense now accepted began to be developed. In that year 
Barton published a paper on the conformation of the steroid 
nucleus (fig. 5), which is often cited as the forerunner of 
modern work. In this and subsequent work for which he was 
awarded the Nobel prize in 1969, Barton is concerned with the 
determination of the relative stabilities of equatorial and. 
axial (then called polar) configurations of the pendant 
groups (fig, 6) on 	single and fused cyclohexane rings. 
Reviewing the literature in 1956, Barton and Cookson 
described how thermodynamic concepts had been successfully 
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ig. 5. The steroid nucleus considered by Barton: 
(a) constitution, (b) anu. (c) proposed conformations. 
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Fig. 6. Zquatorial (e) and axial (a) side graups on a 
cyclohexane ring, The equatorial groups are approximately 
in the 'plane' of the ring. 
Many workers have subsequently continued the 
investigation of the conformations of cyclohexane 
derivatives by thermodynamic studies. Eliel, in one of a 
long series of papers 6,  has recently investigated very 
thoroughly the conformational enthalpies and entropies of 
hydroxyl groups in various solvents, mainly by NMR studies 
on substituted cyclohexanols, a study which is of particular 
relevance to problems to be discussed later in this thesis. 
Early work on carbohydrates was carried out by 
Reeves 1,8-10 
J. 
who comprehensively studied ring conformations 
and established the relative stabilities of the different 
pyra.nose ring conformations. iuch of his work was carried 
out by the investigation of cuprainmonium complexes. 
11 
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Fig. 7. In the 'ideal' ring the distances e 1  e , e1a2 and e2a1 are all around 2.9 X, whereas a1a2 is rnuc?i greater: 
about 3.71. 
'Cuprammonium' forms complexes with pairs of hydroxyl groups 
where the distance between the oxygen atoms is around 
2.5 ., thus, (fig. 7) in the chair form, two consecutive 
equatorial hydroxyls, or one equatorial and one axialwIll 
complex, whereas two axial will not. Since different 
conformations have different numbers of such complexing pairs, 
the degree of complexing gives valuable conformational 
information, heeves folowed these complexing reactions by 
optical rotation anu conauctimetric measurements and 
determined and confirmed structures for both monosaccharides. 
and some olysacchariaes. He also used his data to demonstrate 
the relative stabilities of chair ana boat forms or the 
12 
Pig. 8. 	Reeves Cl ring conformation. 
pyranose rin and thus that nearly all monosaccharides exist 
in the Cl conformation (fig. 8). 
Much of the thermodynamic work on monosaccharides 
has been systematised. by Angyal and his co-workers. 
Angyal 
12,13 
 has developed an empirical method for calculating 
free energies of monosaccharides, based on thermodynamic data, 
which gives good agreement with experimehtal data, particularly 
that concerning ring conformation and anomeric equilibria. 
This method is detailed in section 
The literature on the ring conformation of mono- 
saccharides and their derivatives as established by experimental 
13 
techniques is considerable and has been extensively 
reviewed, most recently by Burette and Horton 14 
1.5 	EXPERIi:ENT-BASD 1 1CRK - X-RAY DIFRACTICN 
Traditional methods of x-ray crystallography on 
crystals of mono- and oligosaccharides have yielded much 
structural information inciva.ing direct evidence of ring 
conformations. Work in this area has recently (1972) been 
reviewec., inter alia, by Burette and Horton 14, and an 
analysis of several such determinations has been published 
by Arnott and Scott15. 
However, it is as a tool for the direct determination 
of linkage conformation in polysaccharides 16  in the solid 
state that x-ray diffraction yields its most interesting 
conformational information 
If the linkage conformation is regular, then the 
polymer chain will aescribe a helix, and further, if such a 
helix can be stabilised by, for example, hydrogen bonding 
between its turns, then the regular conformation will be 
favoured Alternatively, in different geometrical 
circumstances, several helices, commonly two or three, may 
intertwine and be similarly stabilised by hydrogen bonding 
between the strands 
Most polysaccharides dO not crystallise, but many 
can nevertheless be pullea into fibres in which helically 
i.yLallites' are orientea more or ±ess 
14 
along the fibre axis. X-ray diffraction photographs then 
yield information about the structure along this axis (fig.9), 
nane1y the size of the reseat unit, h/i, where h is the pitch 
of each of i intertwined helices, and n, the number of 
monomer units per turn, the former from the layer line spacing 
and the latter from the distribution of reflections of 
meridional intensities. From n and h and the geometry of the 
repeating monosaccharide residue may be obtained the 'few 
possible pairs of /4 values, (see section 4.2). Most of 
these can uually be eliminated because of impossible steric 
clashes (see section 1.10), and with the help of models or 
computer searches a unique structure may often be assigned. 
This or a similar aproach has had many triumphs outside the 
polysaccharide field, notably the elucidation of the DNA 
structure by Watson and Crick 17,18 from Wilkins' x-ray data 
in 1953 and the postulation of the hydrogen bond stabilised 
a-helix in proteins by Paulir€, Corey and Branson in 1951 19 
In the polysaccharide field, Rees 20,21  has 
classifieck the known and postulated chain shapes for homo-
polysacciiarides. For two of his four generic types (fig.lo) 
he has correlated hard-sphere calculations with available 
x-ray data, 
Of Rees type A polysaccharides, the most important 
is cellulose (I), on which structure determinations by 
physical methods have been many, 22 with x-ray work dating as 
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rig. 9. Helix parameters ri and h. The black dots represent 
equivalent atoms (such as glycosidic oxygens) on successive 





Fig. 10. Backbone shapes of two of 
polysaccharides: A, the flat ribbon 
large; B. the soring with 2<+n ( 10 
Rees,  generic types of 
with 2<--n< 4 and h 
cnr h crn11 -- 
17 
In 
I. Cellulose: 13-1,4-glucan. 
have been postulated, the detailed structure remains the 
subject of debate. Notable amongst the successes of the 
combined x-ray/calculation approach is -1,4 xylan (II) which 
was studied by Settineri and Marchessault 23 who showed it to 
be a three-fold left-handed type A helix. Several other 1,4 
diequatorially linked polysaccharides and some 1,4 diaxially 
linked ones have been shown to adopt the type A structure 21 
y1ose (III) and its derivatives show a wide diversity 
of forms. In contrast to the open ribbon-like structure of 
cellulose, amylose, when complexed with iodine or a wide range 
of other substances, forms a tight (i.e. low h) type B helix 
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'9 
more with larger complexingagents) helix, thought to be 
left handed 
24 
 The complexing agent is apparently 
accommodated in the 'hole' along the helix axis. 
The other regular uncomplexed form of amylose, 
the 'B form' is clearly a more open structure, since the 
value of h is 10.4 X against 7.9 in the V form, Blackwell, 
Sarko and Marchessault 25  have shown that this could be a 
hydrogen bond stabilised single helix: alternatively, a 
26 double helix with a pitch of 21 A has been suggested 
This latter structure has certain advantages but is difficult 
Il   
ei to reconcile with some hard sphere and energy calculations 
Other derivatives of thnylose show an even further elongated 
chain. 
Another well characterised 27  type B polysaccharide 
is -1,3 xylan (Iv) which exists as a six fold triple helix 
with a projected residue height of around 3,0 L The 0(2) 
atoms on each residue are favourably placed for the hydrogen 





3  glucans will adopt this same structure 
since the configurational difference on the ring occurs on 
the outsi'ie of the helix, anu this is borne out by diffraction 
stuuies. 
Several alternating polysaccharides have also been 
studied. Hyaluronic acid (v) has recently been studied by 
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V. 	Hyaluronic acid: alternating copolyrner of 2-acetamido- 
2-u.eoxy--j)-giucopyranose and -D-g1ucopyranosyluronic 
acid. residues.  
n 
21 
which exhibited a different ribbon like structure, whilst 
Dea et al 29 using samples with which care had been taken 
to preserve the native state, have shown double helical 
structures, again for both salt and acid. The closely 
related K- and 1- carrageenans (VI) have been studied in 
detail 	' and have been shown to exist as double helices 
with three disaccharide units per turn, this being the only 
interpretation of the diffraction pattern consistent with 
model builcdnb calculations. 
Further treatment of the diffraction pattern 
yielding refinement of the detailed structure has not been 
extensively applied to polysaccharides, but a recent paper 
by Arnott and Scott 15  shows the potential of the technique. 
Fibre x-ray diffraction, thus, is a powerful tool 
which, when taken with relatively simple calculation methods, 
permits the linkage conformations of many polysaccharides in 
the solid state to be established, 
1.6 EXPERIMENT-BASED WORK _-_NUCLEAR MAGNETIC RESONANCE 
Whilst x-ray diffraction gives information on the 
solid state structure of molecules, NMR finds application in 
solution in both non-aqueous solvents and in water. 
For monosaccharide work, Lemieux et al 31  have 
established that equatorial protons generally resonate at 







(1) K-carrageenan R=H, alternating copolymer of 
-D-galactopyranose 4-sulphate and. 3,6 anhydro-a-D- 
galactopyranose residues. In the native state the 
anhydride residue is partly replaced by its 6-sulphate, 
galactose 6-sulphate and 2,6-disulphate. 
1-carrageenan R=S03 , alternating copolymer of 
-D-galactopyranose 4-sulphate and 3,6-anhydro-a-D- 
galactopyranose 2-sulphate residues. In the native 





empirical rules enabling the confiuration and conformation 
of many sugars to be assigned 32-34 In particular, it has 
been possible to investigate 12,32,35,36 the position of 
anomeric equilibria in D 2 0 solution, and the relative 
abundance of furanose and pyranose ring forms. 
Spin decoupling of identified protons has enabled 
assignment to be made of 13C signals, and the effect of 
different axial and equatorial substituents on the ring carbon 
atoms has thus been studied 37, and would seem to be 
correlated with conformational stability. 
.Coupling constants, particularly between hydrogen 
atoms on adjacent carbon atoms, have been used 38  to obtain 
information on configurational and conformational properties 
by the application of Karplus' rule 39  relating the dihedral 
angle H-C-C-H to the coupling constant. 
Linkage conformations of di- and polysaccharides 
in solution are of course more variable than in the solid 
state. If, however, the conformation angles vary only within 
a xestricted range, average and J values may be measurable. 
If the conformational energy due to changes in linkage 
conformation is E(,II) then the observed 4> is given as a 
thermodynamic average by 
> = J 0 exp(-E()/RT)d/'Jexp(-E/RT)d 	 (i) 
and similarly for 
24 




4-0- a-D-giucopyranosyl 13-D-glucopyranose. 
With this limitation, however, linkage 
conformations in dimethyl sulphoxid.e (DMSO) solution have 
been investigated 40 by proton magnetic resonance involving 
hydroxy hydrogens, whose resonances show downfield shifts 
when they are involved in hydrogen bonds. In this way, 
Casu and co-workers 40  have shown the existence of differing 
proportions of an 0(2) .... 0(3)' hydrogen bond in. maltose 
(VII) and related compounds. 
In other work, Casu and others 
41,42  have shown a 
relationship between the chemical shift of 11(1) and the 
expected value of , which may be of value in aqueous systems. 
C work with ctisaccharictes 	has shown that in 
25 
maltose, but not cellobiose or lactose, the spectrum does 
not derive simply from that of the monomers, and thus that 
steric effects related to the conformation must be present. 
These have yet to be analysed. 
NMFI. studies thus give good evidence for certain 
aspects of conformation in solution, and may readily be 
combined with other techniques such as optical rotation and 
infra-red. spectroscopy. 
1,7 EXPERIMENT-BASED WORK - CHIROPTICAL METHODS 
The chiroptical methods of single wavelength 
optical rotation, optical rotatory dispersion (op.D) and 
circular dichroism (CD) are applicable to solutions of 
carbohydrates in certain solvents, notably water. 
Single wavelength, usually the sodium D-line, 
studies have found application in several areas. For 
monosaccharides, empirical rules for the prediction from 
ring conformation ani sia.egroup configuration of the optical 
rotation have been derived by several workers, notably 
Hudson 44  whose 'rules of isorotation' concern anomers of 
pyranose derivatives. These rules break down in certain 
circumstances and were considered by Kauzmaflfl 45 ,who derived 
from quantum mechanical considerations a tr'atment giving the 
total rotation as a sum of all two-atom, three-atom and so on 
interactions. Whiffen 46  and. later Brewster 47  put this on a 
quantitative oasis uy estalisning the magnitudes of these 
26 
interaction terms, and- this predicts values agreeing well 
with experiment. 
For polysaccharides, Rees 48,49 has introduced 
the concept of 'linkage rotation' which he defines as the 
difference between the rotation due to two monosaccharides 
and that observed for a disaccharide. By application of 
Brewster's rules he has shown the relationship between 
linkage rotation [A-7 and the conformational angles 4) and 
4r (fig. 11) to be 
(A J = 105s-120 (sin 24 + sin AIJ) 	 (1) 
where s = +1 for 3 or a linkage, and 4) and At are the 
and tl,j differences from the positions of eclipse of the C-H 
and 0-C bonds (fig, 11). This rule provides a very useful 
basis for the comparison of calculated and experimental 
linkage conformations. (See section 4.) ). 
A further application in the polysaccharide field 
is provided by the use of B-line rotation to follow the coil 
to double helix transformation in, for example, i- and. 
K-carrageenan 50  (VI). In a similar manner cooperative 
stabilisation of polysaccharide helices by galactomannans 
has been shown to occur, 51 
ORD and CD give identical information in principle, 
although in practice, CD spectra are easier to interpret. 
This is because an ORD signal tails off slowly (fig. 12) to 
either sia.e. thus interferin with adjacent ones, whereas 
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Fig. 13. A just hiuuen CD peak reveals itself in the ORD 
spectrum. 
29 
Because, however, the high-frequency limit of present uv 
sources (about X= 185 nm) renders part of the spectrum 
inaccessible, it is occasionally possible to analyse the 
observed ORD tail (fig. 13) of an absorption just outside 
the observable region. 
Electronic transitions causing differential UV 
absorption are termed chromophores and the most common one 
studied is the carbonyl n - it * transition. mpirical rules 
have been derived for this and other common chromophores, 
relating the spatial distribution of atoms close to the 
chromophore with the sign of tie CD peak. In carbohydrates 
however, the carbonyl group is not common, and use must be 
made of chromophores such as carboxyl or amide groups, either 
naturally occurring, or suitably added, 
of those polysaccharide derivatives which occur 
naturally with chromophores, uronic acids have been studied 
by Listowsky 
52 et al and. by Morris 53  and co-workers. 
Thom 54  has studied the gelation of alginates (VIII) by 
diffusion of calcium ions into sodium alginate solution and 
has used CD to follow the conformational changes involved, 
Similarly, Grant 55  has studied pectin (IX) which in its low 
methoxy (30 methyl esterification) form behaves similarly 
to alginate with calcium ions. In its high (70) methoxy 
form it gels only in the presence of additives which reduce 
the water activity, forming a non-melting gel in the presence 





VIII, £Linate. Alinic acid is a copolymer of 
-D--mannopyranosyluronic (i) and 
a_L_gulopyranosyluronic (ii) acid residues. 
The structure is not, however, regularly alternating, 
IX. 	Pectin: polymer of 
methyl a-.u--gaiactopyranuronate. 
31 
ethylene glycol. Many other examples of this approach 
exist. 
For the majority of polysaccharides, which do not 
possess accessible chromophores, recourse must be made to 
the substitution for suitable hydroxyl groups of such 
derivatives as acetates, but the effect which this has on 
the conformation is, of course, not apparent. Alternatively, 
anionic polysaccharides (sulphates, carboxylates, etc.) can 
combine 56  with certain cationic dyes (e.g. acridine orange, 
methylene blue) giving complexes whose spectra differ from 
those of the free dyes in a way which may be related to the 
polysaccharide structure. 
The use of CD in polysaccharide work has recently 
(1972) been reviewed by jcrris and. Sanderson 57 
0 
1.8 EXPERIIflNT-BASED WORK - OTHER TECHNIQUES 
Several other physical methods have been used for 
the determination of carbohydrate conformation and configur-
ation in particular systems. 
Infra-red spectroscopy has been used, particularly 
for the determination 58,59 of configuration of the anomeric 
carbon atom (c(l)). Although this may be more readily 
attainable by NNR in solution, the infra-red method is also 
applicable to the solid state s 
Some evidence for intramolecular hydrogen bonding 
has been obtainec 60,61 by infra-red spectroscopy of very 
32 
low concentration carbon tetrachloride solutions, on the 
basis of the lowering of the 0-H bending frequency in 
hydroxyl groups involved in hydrogen bonding. 




 has recently (1971) reviewed physical 
methods of configuration and conformation determination, 
1,9 CALCULATION ETH0DS - PRINCIPLES 
The problem of calculating conformational energies 
has been tackled in various ways. Each starts by assuming 
certain constraints to the geometry of the molecule based on 
experimental evidence. The subsequent treatment may be 
classified into four broad types: 
1) simple treatments based on observed energy differences 
between different conformations or configurations; 
the 'hard-sphere' approach where atoms are assumed to be 
hard and to rotate freely about single bonds; 
the potential function approach in which the atoms are 
assumed to interact, classically according to postulated 
potential functions; 	and 
the quantum mechanical approach where molecular orbitals 
are calculated for a given conformation, 
or carbohyrates, it i types (ii) and. (iii) which 
have achieveu the greatest success 	Type (i) approaches 
cannot usually deal with linkage conformations; type (iv) 
calculations are usually impracticably long or must be 
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drasticaLly simplified. 
Williams et al 
63 
 have reviewed (1968) calculation 
methods for all types of molecule. 
1.10 CALCULATION METHODS- HARD SPHERE, 
A great deal of information has in the past been 
obtained by the use of ball-anc-stick or space-filling 
molecular models. In particular this applies to 'crowded' 
molecules, where what would otherwise be free rotation about 
single bonds is hindered by clashes between pendant groups. 
The hard-sphere calculation approach mathematically 
models this situation and permits a much more effective and 
efficient survey of such problems. 
The examination of linkage conformations in 
disaccharides, and by extrapolation in polysaccharides, lends 
itself well to this technique. The necessary prerequisite 
information comprises 
cartesian coordinates of all the atoms in the sugar unit 
whose positions are fixed by assuming fixed ring geometry, 
and 
radii of the atoms involved. 
In practice the coordinates are obtained from crystal structure 
determinations, possibly modified, and the radii are assumed 
4. to be the van uer 'aals atomic radii 64 
Th 	rr -r1irc- i c +hn +e- c+r 	 cr'h +}rr'iicjH ----- -- --r ' ---,---------c-)-- 
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small (e.g. 100)  steps anci at each generated conformation to 
calculate the distances between each atom on one residue with 
each on the other. As soon as one such distance is found to 
be less than the sum of the radii of the atoms involved, the 
conformation is rejected: if nom is, then it is accepted. 
Typically, for 100  steps, with 362=1296 conformations only 
around 0 to 50 are accepted. 
A slightly more sophisticated method is to allow 
for some deformation of the molecule to alleviate slight 
clashes. This can be accommodated by assuming two radii, the 
outer being as before and the inner possibly O.2X less. 
Conformations may then be classed as 'fully allowed' as before, 
or 'allowed with compression' if one or more distance falls 
between the two lLnits. 
Several workers have used this technique to back up 
experimental work, particularly x-ray diffraction studies. 
Settineri and Narchessault 23 have thus studied -1,4 xylan, 
and Sarko anci Narchessault 65 amylose triacetate. Rees and 
co-workers 20,30,66 have extensively used hard-sphere methods. 
For 3 -glucans linked 1,2, 1,3, and 1,4, they have shown 66 
how the conformation predicted may be correlated with optical 
activity. An analogous treatment 67 for the 1,6 glucan, which 
has an additional degree of freedom (fig. 14), has also been 
published The x- and 1-carrageenans (VI) have been studied 3 
by the combined hard-sphere and x-ray technique, providing the 
first known example of a polysaccharide double helix. In an 
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Fig. 14. (a) 1,4 linkages (also 1,2 and 1,3) have two 
r frtedom, wiitreai (b) 1,6 lillkageb have Lhree. 
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extended study 20,  the chain conformations of a variety of 
homopolymers of various glucans, galactans, mannans, xylans 
and arabinans have been determined and clasbified. 
Clearly the hard-sphere method has many successes. 
Its limitations lie in its inability to predict the effect 
of lon-rane forces such as determine largely the pendant 
group conformation in monosaccharides, and for this a 
potential function method is necessary. 
1.11 CALCULATION METHCDS_-_INTRAI0LECULAB POTENTIAL 
FUNCTIONS. 
The potential function method makes similar 
assumptions to the hard-sphere method but assumes that for 
any pair of nonbonded atoms i and j separated by distance 
r, there is an interaction potential V(r,i,j). This is 
usually considered as composed of three terms, V 	a hard 
repulsion at low r. V attl  an attractive term extending to 
somewhat greater r, and V 
pol  a charge interaction term, 
often taken as coulombic and varying as r: this may be 
attractive or repulsive. In addition to these two-atom 
terms, others may be used, such as Vt0, a torsional term 
used to follow more accurately the observed potential 
barrier on rotation about a single bond (fig. 15; see 
section 2.4). Vhb for hydrogen bonding, V for angle 
deformation, Vbs for bond stretching or compression, and so 
on. 	The total relative conformational potential energy is 
takon thus as a sui uf bumt or all of these terms. 
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Many different functions have been suggested or 
used for Vre.p  +Vtt, mostly based on that of Lennard-Jones: 
V 	= 	-Ar 6 + Br 1 r 	 (1) 
where n is generally in the range 8 to 12, or of 
Buckinham: 
V1  = _-6 + Cex(- 1 r1 ) 	 (2) 
Although the attractive (first) term is theoretically 
justifiable 68  the repulsive part is empirical and is 
usually adjusted so that V is a minimum when r is the sum 
of the van der Waals radii of the interacting atoms. 
Brant and Flory 69  have used the Buckingham 
function and have obtained A and C, assuming p= 4.6 for all 
interactions following Scott arid Scheraga 70, In later work, 
Brant 
71 
 and co-workers have used a Lennard-Jones (U) 
potential with n=12 on maltose. Kitaigorcdsky 72  has used 
the Buckingham potential but effectively with a varying P 
His function i : 
V 	 6  ii -0.14Z ij 	+ 3.01 x lo exp(-13Z..) 	 (3) 
where Z. 
.LJ 
= r 1. 
J 
 /r 0  and. r 0  is an empirical equilibrium 
distance dependent on the types of atoms i and j. 
Kitaigordsky derived values for r from crystal structure 
and heat of sublimation data for interactions involving 
H and C. and Rao and co-workers. 73  have extended this to 0 
interactions. Whittington 71t1 p  75 has published work using 
this function on aluinic acid,. 
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Allinger et al 
76 
 have used various similar 
functions with parameters derived from physical data, 
notably heats of sublimation, but since their more 
successful work is on hydrocarbons it is not directly 
applicable to oxygen containing molecules such as carbo-
hydrates. 
Liquori 77  et al have used a more general 
function 
V1 	= - A r 1)  . -6 + B exp(-C r 1) 
-n 
. .)r 	 (4) 
with parameters derived from i variety of physical and 
theoretical considerai.ions, which reduces to either LJ or 
Buckinham with suitable choice of A, B, C and n• This has 
been used successfully for the study of polypeptides. 
Rainachanciran 78,79  and others have made one of 
the few available comparisons of energy functions by 
comparing Brant and Flory and Kitaigorodsky functions on 
V-form amylose. Although both led to similar conclusions, 
Skerrett 80  notes that the Kitaigorodsky function follows 
the hard. sphere map more closely. 
Serrett 
80 
 also compares Flory, Kitaigorodsky 
and Liquori potentials for cellobiose and concludes that 
although the first two give similar results to the hard 
sphere calculation, the third does not. 
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BUCkifl6h3.11 type potentials have a disadvantage 
over Lennard.-Jones type in that they take longer to 
calculate, 
because allowance must be made for the fact that at low 
r they unrealistically tend to -00, and 
because the exponential takes longer to calculate than 
the r 1 term. 
The constants in the LJ potential have been evaluated by 
Scheraga and. co-workers 
81-83 and successfully used in 
polypeptide work. In this work n is taken as 12. 
polar interactions are usually assumed to be 
well represented by the 'monopole approximation'. In this, 
'partial electronic charges' are assigned to each atom and 
the potential taken as coulombic, viz. 
vii - q1q /.Erij 	 (5) 
where e is the effective dielectric constant, to which 
various-values have been assigned, commonly around 3 or 4. 
The partial charges are usually calculated for non-conjugated 
systems such as carbohyctrates, by the method of del Re 84 
(see section 2.3) which is based on an LCAO approach and is 
designed to match experimentally determined dipole moments. 
Torsional potentials have been the subject of much 
theoretical discussion. For a symmetrical rotation such as 
in ethane (fig. 15), if e is the angle of rotation from an 
eclipsed position, the interaction is usually taken as 
(a) 	 (b) 
0 	 120 	 240 	 360 
40 
(c) 
Fig. 15. The torsion barrier in ethane. The staggered 
conformation (a) is more stable than the eclipsec. (b), by 
energy T which is asumeci to vary sinusoidafly with a as 
in (c). 
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V = T(1-cos 38) 	 (6) 
where T is the 'barrier height', estimated from various 
thermodynamic 85  considerations. Brant and. Flory 69, and 
Scott and Scheraga 
82
have both used this approach: 
Scheraga 
86 
 has reviewed other workers' modifications for 
various rotations in different systems. 
Quantum mechanical treatment 87,88  has shown 
torsional energy to be merely a consequence of the classical 
approximation used: nevertheless, it is a useful fiction 
for th matching of postulated potential functions to 
observed behaviour. 
Hydrogen bond potential functions have been 
postulated on a semi-empiical basis by Lippincott and. 
1 Schroeder 89,90   and empirically by, notably, Poland and 
Scheraga 91,  Blackwell et al 25  and Brant and. co-workers 71 
Although the first mentioned has been used successfully in 
certain circumstances 
82, 
 it contains in general too many 
adjustable parameters for use in poorly characterised. 
situations, The Poland. and Scheraga function is described 
further in section 2.5. 
Geometrical distortions are generally assumed to 
be harmonic with force constants estimated from spectro-
scopic o.ata. They are not commonly taken into account, 
although Gibson and Scheraga 92  have considered them for 
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dipeptides, and. Rao 
93  and co-workers have selectively 
done so for certain pyranose sugars (see section 3.3 ). 
Reviews of potential functions are many in 
number, notable being Scheraga's 
86  (1968), and that of 
Williams 63 et a.]. (1968). 
It is clear that no universally applicable 
potential function is available. In the absence of 
detailed comparative studies the choice of a suitable 
function for a particular system is still a matter of 
debate. Results of calculations comparable with experiment 
are still too few, particularly in carbohydrates, to permit 
a fair assessment of the available functions. 
1.12 CLCULATIONLETHODS -QNTUM MECHANICAL 
The difficulties of even approximate solution of 
the Schrdinger equation for the simplest molecules are well 
known, and thus for larger molecules only grossly simplified 
models are possible. 
A great deal of the published work concerns 
peptides.,as is shown by a recent (1971) survey by pullman94. 
He and co-workers 95 have published some work on maltose, 
cellobiose anu sucrose using his PCILO approximation which 
yields generally good results, although they conclude that a 
procedure for optimising the positions of the hydroxyl 
groups near the glycosidic linkage is indispensible. 
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Saran and Govil 
96  have performed EHT and. CNDO 
calculations on the various chair conformations of glucose, 
which yield results similar to those obtained by Reeves. 
If the available computing resources increase as 
rapidly in the next ten years as they have in the last, then 
techniques such as these will undoubtedly become more 
important; until such time, however, they are economically 
impracticable, or must be approximated to such an extent as 
to render them no better than empirical methods. 
1.13 SUM4ARY 
The preceding sections have scaniied briefly the 
state of current knowledge on methods of determining 
carbohydrate conformation. They are an attempt to show how 
calculation methods may supplement experimental techniques 
and in some cases provide useful extrapolations. 
In the following chapters various applications 
of some calculation methods are described together with a 
correlation with available experimental evidence. 
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CHAPTER 2 
FORIiULATICN AND OPERATION OF 
A POTENTIAL FUNCTION 
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2.1 	INTRODUCTION 
In section 1.11, previously used potential 
functions were briefly reviewed. This chapter describes 
the selection of a function for further study, and the 
succeeding chapters ceseribe applications to some problems 
in carbohydrate conformation. 
The basic function to be described has four terms: 
1) a van der Waals term describing primarily short- 
range interactions, 
a polar term describing longer-range effects, 
a bond torsion term, 	and 
a modification to allow for hydrogen bonding. 
The atom numbering scheme used is shown in 
fig. 16. 
2.2 VAN DER WAALS POTENTIAL 
For reasons stated earlier, the most rapidly 
calculated van der Waals potential is one of the LennarI-
Jones type: 
= -A r1 6 + B r1 	 (1) 
The value of n has been variously taken from 8 upwards, most 
coxnxonly as 12, for which the values of A and B have been 
evaluated by, amongst others, Scott and Scieraga 82383 
They obtained A from theory and B by the condition that V be 
a minimum when r was the sum of the van der Waals radii, 
plus 0.4 A. 
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H(6) 	 0(6) 




ON 	 0(1) 
H (5)7 C(5H 	
0(5) 	
C() 
H(4) 	 C(3 	
H(2) 
I H(3) 
0(4) 	 I 




Fig. 16. Numbering of atoms in a sugar. If it is 
necessary to distinuish each (6) (or H(5) in a pentose) 
they are termed H(6a) and H(6b), In 8. disaccharide, atoms 
on the reducing and non-reducing r esidues are termed C(1)R 
and C(1)N etc.; the glycosid.ic o ygen may be termed o(gl). 
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The r 2 repulsion is harder (i.e. increases more 
rapidly) than most exponential-type functions, and for this 
work, therefore, a value of n = 9 has been used. Some 
justification of this on the basis of optical rotation 
studies has been shown by Blann97. 
Using the same assumptions as Scott and. Scheraga, 
if B9 an. B12 are the B values for respectively n = 9 and 
12, we require 
dV/d = 6A r7 - 9B9 rO = 0 	 (2) 
where r0 is the equilibrium distance given by 
dV/d 	= 6A r0 7 - 12B12 r 
0 
-13 
= 0 	 (3) 
From (3), r 
6
= 2B12/A 
whence from (2), B9 
= 
~2 12 
The values of A, B9 and B12 are given in Tabfe 
1 for all interactions between C, H and. 0. The shape of 
the potential is shown in Pig. 17 for the 0-C interaction; 
this shows the typical shallow minimum at r0 followed by a 
steep rise at lower radii. 
2,3 	POLAR POTENTIAL 
The 	onopol ap~)roximationi is a method of 
assiciing fractional electronic charges to each atom in the 
Table 1. 
Van der Waals potential parameters 
Interaction 	r 	'x 10 2 B9 x 10 	B12 x lO 
() 	(kcal 2 
6 	(kcal X (kcal X12 
mole 1). mo1e 1). 	mole ). 
c-c 3.40 3.70 9.70 2.86 
c-c 3.22 3.67 8.18 2.05 
C-H 2.90 1.28 2.08 0.38 
0-0 3.04 3,67 6.88 1,45 
0-H 2.72 1.24 1.66 0.25 
H-H 2.40 0.47 0.43 0.045 
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E0  
Fig. 17. C-C van der Waals interaction for Lennard-Jones 
6-9 potential. 
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molecule and assuming each to be effectively a spherically 
syrw:.etrical point charge at the atomic nucleus. 
Two methods have commonly been used to assign 
these ohares, one being an attempt directly to reproduce 
observed bond dipoles in simple molecules 82,98 and the 
other less directly doing so by a molecular orbital 
approach whereby the influence of every other atom on the 
atom considered is taken into account. 
This latter method, is due to del Re 84,99,1004
and is applicable to any fully saturated molecule. 
According to him, the IcT charge' (A) on any atom 
A may be calculated thus; 
If atom A is bonaed to atom B, then the contribution 
to QA  by bond )B is 
(B) - " (B) / 
- A ' /'+A )2 
	
(1) 
" where 	(B) = 
6B - 6A /2 
	 (2) 
AB 
and 	6 	is O 	Z 6 	 (3) A A AB  
all bonded atoms B 
The E 3, T 	and 
A° 
 are constants dependent only 
on the nature of A and B and are given 	 The 
charge Q 
A 
 is then given by 
- 	(B) 
A LA 
all bonded atoms B 
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For a molecule containing n atoms, therefore, 
the method is 
I) to solve the n simultaneous linear equations (3) for 
the 
to obtain the 	from (2) and the q(B) from (1), 
and 
to sum these as in (4) to obtain the 
In practice the linear equations are well behaved and may 
101 be solved by most conventional methods 
Table 2 gives the a- charges calculated by this 
method for various carbohydrate molecules: these are in 
agreement with those which have been published elsewhere, 
80,102,103,  
With the monopole approximation, the potential 
due to the charge-charge interactions is taken to be 
coulombic: 
v1 = qq/ E r ij 
where qi and q  are the o charges as above and e is the 
apparent dielectric constant. 
The value of e has been the subject of much 
debate. Brant and Flory 104 have selected a value of 3.5 
for non-polar solvents, Gibson and Sckieraga 
105,  3.0 for 
106 107 
aqueous worc, unuararaJan and Rao 	' 	and. co-workers 
7.0 and 2.0 for resi)ectivelj aqueous solution and solid 
1 +hc 	 rrc 	 thnc t}'it 
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Table 2 
Calculated atomic partial charges 
Atom 	a 	 b 	 c 	 d 
0(1) 0.190 0.190 0.177 0.190 
C(2) 0.114 0.114 0.113 0.114 
0(3) 0.106 0.106 0.106 0.105 
 0.104 0.105 0.104 0.092 
 0.095 0.035 0.095 0.094 
a(6) 0.045 0.045 0.045 
0(1) -0.446 -0.446 -0.264 -0.446 
0() -0.457 -0.457 -0.457 -0.457 
0(3) -0.458 -0.456 -0.458 -0.458 
0(4) -0.458 -0.458 -0.456 -0.264 
0(5) -0.262 -0.260 -0.264 -0.262 
0(6) -0.457 -0.457 -0.457 
 0.061 0.061 0.060 0.061 
 0.053 0.053 0.053 0.053 
H() 0.052 0.052 0.052 0.052 
 0.052 0.052 0.052 0.050 
 0.051 0.052* 0.051 0.050 
if (6) 0.053 * 0.053* 0.053* 
 0.303 0.303 c.3o3 
 0.302 0.302 0.302 0.302 
 0.301 0.301 0.301 0.301 
 0.301  0.301 0.301 
H(C6) 0.302 0.302 0.302 
a - hexopyranose 
b - pentoyranose 
c - dihexopyranose - ncn-reducing residue 
d. - 	 - reducing residue 
* - two such atoms 
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gave the best fit of the results of the calculations with 
experimental uata. 
It has been argued 8610E3 that G is not 
independent of r, and that whilst at low r it depends only 
on the atomic polarisatility of the atoms concerned, at 
larger distances the solvent has a greater influence. 
Ramachandran and Srinivasanl0S  have considered theoretically 
a system of two interacting bodies within a cavity in a 
medium of hibh dielectric constant. Although this is a 
somewhat artificial situation, they conclude that there is 
a variation of e with r, but that at the values of r of 
interest in polymer calculations, the normally used values 
of e are reasonable. 
In practice, however, most workers have not 
taken account of this variation, but have used a constant 
£ , and this has been continued in the work to be described 
here. 
2.4 TORSIONAL POTENTIAL 
arly theories of chemical bonding supposed 
rotation about a single bond to be entirely free, and 
indeed nr, case of isomerism due to restriction of this 
rotation has ever been found. 
Kemp and Pitzer 109  1owever, have shown from the 
value of the entropy of ethane that a three-fold energy 
barrier does exist, although of an energy much less than 
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thermal. Various attempts have subsequently been made 110 
to explain this barrier in classical or semi-classical 
terms, most of which lead to predictions of much smaller 
barriers than the experimtntal work shows. 
Not until quantum mechanical treatments were 




has shown that it is probably 
the exchange interactions (repulsions) between the electron 
orbitals in the C-H bonds which cause the barrier to rotation 
and he estimated a value of about 3 kcal/mole, in accordance 
with experiment. 	Such quantum mechanical methods, which 
have recently (1971) beenreviewed by Oosterhoff 113,  have 
led to a better unuersta-auinG of the nature of torsion 
efiects, but no theoretical method is yet a reliable 
predictive tool for other than the simplest molecules. 
Estimates of the sizes of barriers from physical 
data 114  have been available for many years. French and 
Rasmussen 85  in 1946 formulated empirical rules for the 
prediction of barrier heibhts for rotation about a 
CH -Xbonci, which 6ive good agreement with experiment. 
A more exact early determination of the ethane barrier was 
made by Kistiaowsky et a1 115  who obtained a value of 
2.75 kcal/mole: the commonly accepted value nowadays Is 
2.9 kcal/mole. 
TH fcrri nf +1- 	hr- t- 	 cr lyn,-c,+ ---- -------'--. -.--'-.- '.-.."-..-- 
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considered to be sinusoival, thus if the barrier height is 
T, and the angle of rotation from the minimum energy 
(staggered) position, e, the potential is 
V = 	T (1-cos 3e). 	 (1) 
Barrier heights as obtained from physical data 
must be considered as including the van der Waals repulsion 
terms between the relevant atoms, and it is thus necessary 
to reduce slightly the value of T. 
In the work to be described, three types of 
rotation are considered, Each is assumed to be represented 
by a 'model compound', a small molecule containing an 
analogous rotaticn, the barrier height of which has been 
measured. Table 3 lists these model compounds and the 
values taken for T. The rotations are: 
the 0-0-C glycosiclic bond system, represented by 
dimetnl ether, CH)-0-CH, 
the C-a-H system, represented by methanol, CH 
3-0-H t 
and 
the c-C-o system (occurring in hexoses in 
C(5)-c(6)-0(6) ), represented by ethanol, CH3-CH2-OH, 
or ethane CH 3-0H241 for which more reliable data is 
available. 
The calculated contribution from the van der Waals 




Barrier heights in kcal/mole as measured 116 
and as used in calculation (see text) 
Model 	 Barrier 	vdW 	 T 
Compound height contribution 
CH3-0-CH3  2.72 0.32 2.40 
CH 3-0-H 1.07 0.11 0.96 
CH3-CFI2-H 2.90 0.34 2.56 
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2.5 HYDROGEN BOND POTENTIAL 
As in the case of torsion, a general theoretical 
treatxLnt reproducing well experimental data is not 
available for hydrogen bonas. A suitable function must 
therefore be postulated from empirical arguments. 
Various such functions have been used. (see section 
1.11). In the calculations to be described, the requirement 
is a function which will yield an easily calculated energy 
Given (fig.18) the distances OH (s), O'H (t), and the angle 
OTOH (s). Polana anu 6chera.6a 91  have described such a 
function for use with a 6-12 Lennard-Jones potential: this 
has been modified as follows for use with the 6-9 potential 
used in this work. 
Poland and. Scheraga consider three facts as 
established, viz.: 
there is a known, ideal (i.e. minimum energy) 
0-Of distance, r0 ; 
this corresponds to a known energy minimum, 
(ich will be negative); 
. at much larger 0-0' distances than r0, there exists an 
attractive potential proportional to 
They also assume fixed bond lengths and angles and take as 
essential that th potential merges with the 'normal' one 
for conditions unfavourable to hydrogon bonding. The 'known' 









Fig, 18. The hydrogen bond. 'Ideal' parameters are 
r = 2.7 A. 	S = 1.0 X. 	t = 1.7 X, 	e = o. 
E 
10 
Fig. 19. The basis of the postulated function. 
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Consider the situation where e=o 
(o, r, s, t as in ficli , 13). 
energy to be 
3ujpose the total interaction 
V = at-9 - bt 6 + ct + S(r) 
	
(1) 
where a and b are to be determined, C is the usual polar 
attraction between of and H and S(r) comprises all the other 
energy terms in the molecule. When r= r0, take t= t0 r0-s, 
then =at 9 - bt 6 + ct 1+ 3(r) 	 (2) 
and because this is a minimum, i — = 0 
t at 1€ 
	
= -9a t0 1 + 6b to_i - c t02 	[ 3 3(r) J ro (3) 
This last term is difficult to evaluate, but it may be 
approximated as the derivative of the 00' interaction, 
T(r). 
This will be 
T(r) 	-9 	-6 	-1 =dr -er +fr 	 (4) 
with d, e and f as in the normal potential function, thus 
3S IT IT 	-10 -7 -2 - - - 9d.r 	+ 6er 	- fr 	 (5) It 3t - r - 
put a=S o r 	 to  (r ) ano=i\ 
I 	
these are both ' j r 	t)  
known, Thus, 
from (2), 	at -9 - b t 6= e -a- c to_i 	 (6) 
from (3), 	-9a t 	+ 6b t 	=0 0 0 
c t -2 	(7) 
whence a 	; (5 et 8 + 6 (a - e) t 9 + 3t01° ) 	(8) 
and 	b = - (8 c t 5 + 9 ( a- ret 6 + 	 (9) 
once e and to have been decided, a and b are thus determined. 
For G * 0, the same function is used, but because 
r < S + t, the term S in (1) increases and the minimum is no 
lonber as deep as K, big. 20 shows the form of the potential. 
In this, as in the calculations to be uescribed, K is taken 
as -4.0 kcal/mole anu r0 as 2.7 .. It can be seen that as 
E) increases the minimum becomes shallower and moves to 
higher t, and vanishes beyond about e=6o°. 
In practice, this function is evaluated relatively 
rapidly. In a system with several possible bonds, a and b 
are different for each because of the polar terms in 3, and 
must either all be evaluated first; or else more simply 
the coefficients of the polar terms in a and b, and the 
other tenns, can be calculateu and a and b generated in 
only a few operations each time. 
Care must be taken that no interactions are 
counted twice: i.e. the 010 and 01H interactions must be 
excluded from the normal summations, 
2.6 	AVERAGING VERSUS iINIISAI0N 
If a system can exist in several freely inter-















Fig. 20. H-bond potential with t0 = 1.7 X, 
€ = - 4.0 kcal/mole. 
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'canonical ensemal 	117e', 01 many such systems will exist 
such that th energy of the ensemble is partitioned between 
the systems according to the 1ax1de11-floltzmann distribution. 
This predicts that the relative probability of any system 
existing in a state of energy e when the ensemble is at 
equilibrium is exp(_) where =1/1- T, k being the Boltzmann 
constant and. T the absolute temperature of the ensemble; or 
the absolute probability P is Liven by 
= 	exp(_ 1) /exp(_ Pe .), 	 (1) 
all states 
The average energy of any system is thus 
A 	
L € 1exp(_13E1) /Texp(-Pr=,) 	(2) 
where N is the number of states. 
The conformational problem, in solution at 
least, concerns just such an ensemble: an assembly of 
molecules, each of which can exist in several easily 
interconvertible (thus ensuring equilibrium) states of 
alfierent energy, and it follows that eqn. (2) applies. 
In principle, of course, there exists an infinity of states 
generated by all combinations of the infinitely variable 
conformation angles; in practice, however, a good 
approximation ma be made in the usual way by varying the 
angles in discrete steps of sufficiently small size. 
In the solid state. on the other hend, eonforrnt. n1 
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states are not normally readily interconverted, and further, 
in crystalline or other oruerea systems, packing and 
lattice eflects may combine with the intramolecular forces 
to favour certain conformations to the exclusion of others. 
The same may be true even in certain solutions, where 
ordered conformations (such as helices) persist. In these 
situations, the conformational energy is that of the 
particular conformation involved, or within the constraints 
imposed, the minimum energy conformation. 
ven for 'free' solution work, however, few 
workers have adopted an averaging approach. Most have 
assumed that the energy of the minimum energy conformation 
is still the appropriate value, and have thus consistently 
underestimated the true average energy. Although this is 
clearly a source of considerable error, a certain amount of 
error cancellation will result from the subtraction involved 
in finding the energy difference between two conformations, 
the quantity normally of interest, anu this particularly so 
if the energy wells are of the same shape (which, in general, 
they will not be). Minimisation is, moreover, easier and 
faster than averaging. :any procedures exist 118 for 
optimising a function of many variables, several of which 
have been reviewed with emphasis on their usefulness for 
conformational work by Gibson and Scheraga 5 Appendix 1 
contains a brief survey together with details of one method 
used extensively for various purposes in this wcrk; 
64 
For the conformational energy problem, however, 
an attempt has been made to calculate averaged energies, 
If xi, ± = 1 to n are the coriformat±onal variables for a 
system, and V(x.11... x) is the calculated potential 
function, then the problem reduces to the calculation of 
V for every combination of x values. Thus, for example, in 
a pentose with four conformation angles stepped, say, at 
100 intervals, there are 36 = 1.7 x i06 states whose 
energy must be calculated. Unfortunately, this is not 
normally practicable 	about 	evaluations is the practical 
limit if inorainate amounts of computer time are not to be 
used. 
For this reason, a sampling technique must be used, 
whereby sets of values' of xi •.. 	are selected by some 
criterion and the average energy thereby approximated. The 
sampling is usually done randomly and the minimum size of 
the sample must be determined by experiment. In practice,this 
Monte Carlo method 119,20 reduces the number of necessary 
evaluations at the expense of accuracy. This method, however, 
Suilers from the o.isadvantage that many of the sampled 
conformations may be of high energy and contribute little or 
nothing to the average. The ratio of the contributions from 
states of energies E and e is exp (-t3(€ ,-e.)). If ej  is 
the lowest energy state, table 4-shows how the contribution 
f'rome falls off as it increases, at 25°c to about l at 
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Metropolis et al 
121 
 have described an 
alternative seiipling technique which increases the 
proportion of lower energy states selected. In this 
method, a state is chosen with a probability governed by 
its energy, and the energies of the states thus chosen 
are simply averaged: if the energies are e, then 
,% 	1 
r 
The procedure involves a first order Markov 
chain h2O;  the probability of selection of a state, p, is 
not a priori constant, but is dependent upon the preceding 
selected state, so that there is a 'transition probability', 
Pip of going from state I to state j, which is independent 
of any states preceding i. If 	1=1 to n are the 
conformation variables after step p and &x, i=1 to n are 
suitable (see later) stcplengths for each variable, then 
step p+i is generated as follows: 
Let s, r1, r2 •.. be random numbers, -lrl and Osl. 
(see Appendix 2). 
Form trial x. 	-x. + r.&x... 
1+l 1 1 1 
Calculate e 	, and t= 6 	-E 
p+l 	 4l p 
If 	<O, new conformation is accepted. 
If A>C, calculate p= exp(_ 	). 
If p> s new coniormation is accepted. 
If p < s , new conformation is rejected, and the 
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x.are given the values of x. 	and 	that of i p4-i 	 ip' P+1 p 
M 	
121
etropolis et al 	have shown that this is in 
fact equivalent to choosing conformations with the 
appropriate probability. 
Care must be taken in two places. Firstly, the 
starting conformation must be in a low energy region, which 
can be achieved by disregarding the first few steps until 
the system has settled down. Secondly, the & 	must be 
chosen so that they are not too big so that too many 
conformations are rejected, and not too small, so that the 
system changes too slowly. A useful rule-of-thumb criterion 
is that about 20-30' of steps shoulu be rejected. 
The Metropolis method, like the plain Monte-Carlo 
method previously described, generates conformations which 
are in a specified manner representative of the ensemble as 
a whole. The Metropolis method may however be entirely 
equivalently thought of as a dynamic model (with unspecified 
timescale): i,e, as describing the behaviour of one 
molecule over a period of time, in which description the 
averaging is a simple time-average of the energy. 
Avereing, then, is more complicated than 
minimisation in practice, and because it involves more 
evaluations of the energy function than many minimisation 
methods, uses more computing time, on the other hand, 
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it is uniouUtculy a iunuarnentaliy more exact method for 
solution work anu avoio.s the need to consider subsidiary 
energy minima which plague most minimisation methods (see 
Appendix 1). 
2.7  C ALCULAT I ON PROCEDURE 
Sections 2.2 to 2.5 have detailed the formulation 
of a potential function which may be applied to the 
calculation of carbohydrate conformational energies by the 
method of section 2.6. 
The application of this to monosaccharides, 
disaccharides and, to a limited extent, polysaccharides 
will be described in chapters 3, 4 and 5 respectively. In 
the first two of these, the method is essentially similar 
and will be described in outline here. For disaccharides, 
the energy is calculated for each linkage conformation, so 
that the calculation to be described is carried out once 
for a monosaccharide and once for each investigated linkage 
conformation for a disacchariae 
In this energy calculation, atoms are classified 
as 'fixed' or 'floating', the former being those whose 
positions are not affected by the conformation angles and 
the latter those that are. There are thus three types of 
inLeraction, 'fixed-fixed' which are constant and thus left 
out of the iionte-Carlo cycle, 'fixed-float' and 'float-float' 
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Fig. 21, 	luwcIait üf uiltiy calculation. 
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28 ENVIRONMENT EFFECTS 
The method as outlined so far is strictly 
applicable only to finding the average energy of one 
isolated molecule invacuo. In fact, the molecule will 
always of course be surround.ei by either dissimilar 
molecules (in solution) or other similar ones (in the 
solid state). Unfortunately, it is very difficult to allow 
for this in a general way in calculations. A few specific 
allowances can however be made. 
Intramolecular hydrogen bonding is clearly 
energetically less likely in a solvent such as water, where 
the water molecules, being much more mobile, will almost 
certainly be able to form better (in the sense of section 
2.5) li-bonus and. (10  so for a greater range of conformation 
angles, but this may be offset by the entropy lost in 
locally structuring the water molecules. Although the 
absence of such intramolecular bonds is easily allowed for, 
the entropy term and the possibility that certain 
conformations may crowd out solvent molecules from forming 
H-bonds are not. 
The dielectric constant, especially at large 
interatomic separations, is obviously affected by the 
solvent, 3ince, however, its value is established largely 
empirically, it is not obvious how it should be altered 
108 (see section 2.3 and Ramachanuran's paper 	). 
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Gibson and chraga 105 have in peptide work 
derived a method for estimating the free energy of 
salvation wii±Ch eprsses quantitatively the tendency for 
polar roups to lie on the surface of a polymer in a polar 
solvent, and non-polar groups to lie in the interior of the 
molecule. 
For interactions with similar molecules, x-ray 
diffraction work (see section 1.5) combined with calculation 
methods often enable the relative positions of polysaccharide 
strands in helical polymers to be established. Usually, 
however, a lull potential function treatnent is 
impracticable aria hybrid methods must be employed. (see 
chapter 5). 
Undoubtedly, environment effects are important, 
and the lack of any available method for their full 
treatment is one contributory factor to the remaining 
uncertainty of the structures of, for example, cellulose 
and ainylose. 
2.9 ENTHALPIES AND FREE iNERGL 
The energy functions menioned so far are all 
concerned with potential energy, i •e, enthalpy, differences, 
H, between systems. Measured energy differences, however, 
are usually of free energy, AG. These are related by 
LG = LH - Tts 	 (1) 
where AS is the entropy difference and T the absolute 
temperature. 
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The assumption usually made is that LS is 
negligible: that is, that the number of conformational 
energy states available to the two species considered is 
the same. Brant et ai. 
98  have calculated conformational 
entropies oix the basis of summed partition functions 
similar to those uiscuseci in section 2.6, but over 
1inkae conformations in polypeptides. They point out, 
however, that their values include an undetermined additive 
constant because of the approximation of summation for 
integration. The differences between the values they 
obtained were small: i.e. TS was much less than tH, and. 
the £G AH approximation thereby justified for their 
system. 
Vijayai-akshmi and. Rao 103  have recently published 
a primitive ana tentative evaluation of conformational 
entropies in monosaccharides. This is based on energy 
calculations which will be discussed in chapter 3. 
2.10  su::MARY 
A potential function has now been postulated 
containing two terms concerning two atom interactions, 
van der Waals and polar; and two concerning more complex 
interactions, torsion anu hydrogen bonding. A method has 
been u.escribed for the application of this function, which 
will be detailed in the following chapters. 
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CHAPTER 3 
THE CONFCP4ATIONAL ENERGY 
OF I40NCSACCHARIDES 
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.l 	Ili T1CDUCTICNN 
A great deal of effort has gone into the study 
of monosaccharide conformations, and for this reason much 
qualitative and some quantitative evidence exists as to 
their relative energies. 
The work described in this chapter seeks to 
calculate conforiational ener5ies for the pentopyranose 
suars. These have ceen studied in preference to hexoses 
because of the complications introduced by the extra 
degree of freedom in the latter, due to rotation about 
the C(6)-0(6) bond, 
With a Cl chair ring form, pentoses may have 
axial or equatorial hydroxyl groups at each of C(l), 0(2), 
0(3) and 0(4), thus giving sixteen possible isomers 	Not 
all of these exist in this chair form, but for comparison 
purposes all sixteen have been thus taken. 
For this purpose, each pentose may then be 
identified by indicating the configuration of the OH groups 
at 0(1), 0(2), C(3) and 0(4). Table 5 shows for all 
sixteen how this relates to the conventional nomenclature, 
using E for equatorial and A for axial; thus EEEE is 
-D-xylose, AMEE is a-1)xylose and so on. The symbol 'x' 
will be used to signify 'either', thus xE is a- or 




Nomenclature of Cl chair pentoses and correspondence 
of 10 iiiirror imaes. 
A = axial hyuroxyl, 	E = equatorial hydroxyl 
Configuration at Conventional names 
carbon 	1 2 3 4 actual (C 1) mirror image (ia) 
A E A E a-Drjbose 
E A E p-D-ribose corresponding 
A A A .E a-D-arabinose L sugars, 
A A . -]J-arahinose e.g. 
A E E E a-D-xylose I a-L--ribose 
E E .i E -D-xy1ose 
A A a-D--lyxose 
A E . 3-D-1yxose 
A . A a-L-ribose 
A A A -L.-ribose corresponding 
A a-L-arabiriose B sugars, 
A E E A 3-L-arabinose e.g. 
E A A A a-L-xylose a-D-ribose 
A A A A 13 -L-xylose 
E A A a-L-lyxose 
A E A A 3-L-lyxose 
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Althouh this nomenclature relates to the Cl 
chairs, the moiccules thus uenotd are mirror irxiEiges of 
10 chairs with, of course, the seme coniormational 
energies; thus 10 3-D-xylose is the riiirror innge of 
Cl 3-L-xylose and so on. These equivalences are also 
shown in table 5. 
For nine of these pentoses, no major interaction 
exists which niht be expected to force them out of the 
Cl conformation. The remaining seven, which are XAXA and 
AXAX, have, however; a strongreuision between the two 
axial oxyen atoms, anu c4.epencing upon the configuration 
at the other carbon atoms, may occur naturally 'flipped' 
to a 10 chair or otherwise distorted. These latter will be 
denoted here 'strained' and the remaining nine lunstrained? 
The unstrained pentoses are: EE=, AE&E, EAE, EEJd, EEEA.. AAEE, 
AEEA, EAAE and EAA. 
An energy ±unction, such as has been postulated 
in the preceu.in ehaptet, containing no terms for angle 
strain or cona stretching is most irect1y applicable to 
the unstrained molecules: calculalions on these are 
described in section 3.5, and on the strained ones in 
section 3.6. 
Angyal 
12 '13 '36 has systematised much of the 
experimental work in this field and has devised empirical 
rulespiediLiug the conlormatlonaj.. tree energies of 
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monosaccharides: his methods are discussed in section 3.2 
and later used as a criterion of success for the calculations. 
hao and others 931103,106,107 have recently 
published work comparable to that attempted here: this is 
conierec in section 3.3. 
3.2 	TH 1'iETiICD C ANGYL 
Angyal 
12,13 
 assumes certain additive contributions 
to the conhorrnational energy of pyranose sugars which arise 
from interactions as follow; insofar as they relate to 
pentoses 
between axial atoms on next-to-adjacent carbon atoms, 
unless both are hydrogen; 
between atoms on adjacent carbon atoms if neither is 
hydrogen and at least one is equatorial; and 
the 'anomeric effect' for equatorial C(1), the value 
of which depends on the configuration and substituent 
at C(2). 
He assigns values to these interactions as 
follows: 
0-H, 0.45; 0-0, 1.50 kcal/raole; 
c-c, 0.35 kcal/mole; and 
for 	', 0.55; for .AAx, 0.85; and for EkEx, 1.00 
kcal/mole. The values for the sixteen pentoses are 
given in table 6, 
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Table 6 
Anyal free energies for the pentoses 
pentose 	 An6ya1 energy kcal/mole 
(a) 	(b) 	(c) 	total (i) 	(ii) 
Unstrained: 
E E E E 0 1.05 0.55 1.60 0 
A E E E 0.90 1.05 0 1.95 0.35 
A 0.45 1.05 1.00 2.50 0.90 
E E A E 0.90 1.05 0.55 2.50 0.90 
E E E A 0.45 1.05 0.55 2.0 0.45 
A A E E 1.35 0.70 0 2.05 0.45 
A Z E A 1.35 1.05 0 2.40 0.80 
E A A E 1,35 0.70 0.85 2.90 1.30 
E E A A 1.35 0.70 0.55 2.60 1.00 
Strained: 
A . A . 2.40 1,5 0 3.45 1,85 
A . A 1.50 1,0 1.00 3.55 1,95 
A A A E 2.85 0.35 0 3,20 1,60 
A A E A 2.40 o.7c 0 3.10 1.50 
A E A A 2.85 0.70 0 3.55 1.95 
E A A A 2.40 0.35 0.85 3.60 2.00 
A A A A 3.90 0 0 3.90 2.30 
Total (ii) is relative to 
IK 
These values are tree energies in aqueous 
soution anu were mostly obtained from the measurement of 
equiliorium constants, which give direct information about 
free energy differences, since for two species in 
equilibrium, if the equilibrium constant is K, 
	
= -RT in K 	 (1) 
where AG° is the standard free energy difference between 
the species, T the absolute temperature, and H the gas 
constant. 
The methods to be uescribed have been compared 
with these Angyal energies, and as a measure of agreement, 
the standard deviation from the Angyal values has been 
calculated. Thus,for n pentoses, 
- 	
(2) 
where E and a. are the calculated and Angyal values 
respectively for the i th pentose. This value is 
statistically uncertain a.ue to the small size of n, an 
has, because of this, a standard error of oj J2(n_l), 
or about 35 for n=9 and 18 for n=l6. 
3.3 	THJ_METHOD CF RAO 
Rao and co-workers have performed calculations 
for hexoses and pentoses without polar terrns 6, and for 
an 93 107 	 103 hexoses 	' 	d. pentoses 	with polar terms. 
The potential function they used was in three 
parts, van der Waals, polar, and angle strain. 
The van aer Waals potential was that of 
Kitaigorodsky (see section 1.11); 
Vij = 3.5 (8600 ex(-13) - 0.04/Z1 6 ) 	(1) 
where Z=rij/r0. The values of r0 were usually those 
given by Rao et aia,  although for some of calculations 107 
the radius of the oxygen was reduced by about 0.1 A,  to 
improve the agreement of the results. 
The polar potential was the same as used in the 
present work, but with the effective dielectric constant 
variously 3.5 for solution 931103 and 7.0 for soution 
	
and 2.0 for solid state 107,  the 	charges used were the 
same as already quoted, except for insignificant 
deviations in one investigtion 107 
The angle strain potential was harmonic: 
V = 	- 109.5)2 	 (2) 
where 9 is the bond angle in degrees, and the force 
constants, k, were estimated from spectroscopic data. 
The only angles allowed to vary were those involving 
pendant atoms, so that at each ring carbon atom, five 
angles were allowea to deform. Because of the assumptions 
usea. (see below) in calculating the coordinates, these 
angles were all initially tetrahedral. 
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The atom coordinates used were based on a set 
of 'ideal' bond lengths anci angles of which further cietails 
are given in the following section. 
In each calculation the energy was minimised 
122 
by an iterative procedure 	• This consisted of, from 
an arbitrary starting conformation, fixing each 
conformation angle in turn at its minimum energy position, 
continuing the process in a cyclic fashion until the process 
converged at what was assumed to be the global minimum 
energy conformation. 
In fact, this assumption is incorrect. The 
process will infallibly find a global minimum only if each 
rotation gives a single minimum which is primarily 
determined by the core of the molecule and only slightly 
perturbed by the other rotating groups. In Rao's system, 
this is probably true for the hydroxyl groups on the ring 
carbons, but is not true for the rotations fixing 0(6) 
and H(06), as can be shown by repeating the hexose work 
but rotating either of these atoms in the opposite sense. 
Fortunately, althouh the conformational angles at minimum 
energy are very different, the energy is not. 
The fallacy in the method can best be illustrated 
by a hypothetical pathogenic case. Suppose a system to 
have four conformation angles, e1 to G4, and that the 
energy of the system is -10 units for only Q1=G=G7=GA = 180°, - '- -, t 	 - 
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-1 unit when any 0 = 90°, and zero otherwise. Then iaos 
method will miss the global minimum for any starting 
values except those with at least three angles already 
180
0 . 
or pentoses, where no atoms rotate about other 
rotated atoms, Rao's method is probably successful in 
locating the overall minimum, but only because he omits 
a torsional potential, which would lead to more pronounced 
subsidiary minima. 
The reason given for omitting the torsional 
effect from the poteutial is that better agreement is 
obtained without. This, however, is very difficult to 
reconcile with other already considered work on the 
torsional effect, and unless a satisfactory explanation 
can be found, must be considered a serious flaw in the 
method. 
Raots results for pentoses are given in 
tables 7 and 8. It is worth noting that his methods were 
developed on kiexoses, for which agreement with Angyal was 
somewhat better, anu that this loss of predictive power 
in applying the technique to the very similar pentoses 
sugests a possible lack of generality. He also attempts 
better to match Angyal's free energies by including a 
crudely estimated entropy term (see sections 2,9 and 3.7): 
this L' not quoted here, 
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Table 7 
Energies in kcal/rnole calculated by Rao 
(1) (2) (3) 
CON  N3ii DIET AN  
EEEE -.72 -.59 -.68 
AEEE -.12 -.09 -.33 
EAEE .28 .41 .22 
EEAE -.16 -.06 .22 
EEEA -.04 .09 -.23 
PAEE .32 .34 -.23 
AEEA .41 .54 .12 
E1E .31 -.50 .62 
EEA -.28 -.17 .32 
UJSTf-cAINED PENTOSES - RAJ 'S IESUL15 
Without angle strain, 	= 0.35 kcal/mole 
With anle strain, Cr = 0.50 kcal/mole 
Angyal values. 
is the stanuarct a.eviation from the Angyal values 
z1 
Table 8 
Energies in kcal/mole calculated by Rao. 
(1) (2) (3) 
CJN F NJ r1 DI AN 6 





PEEA -.29 .v2 -.41 
-.39 -1.c2 
- . 9 9 -.69 -.21 
PEAE .95 .40 6 Z4 
EPEA 1.32 1.19 7 
PAAE 30 5 39 
.70 .29 
A E A A .2 .57 
6 30 79 
.75 1.09 
ALL #EN1')ES - t\AJ' 	EEULI 
Without angle strain, a- = 0.37 kcal/mole. 
With angle strain, 	= 0.44 kcal/mole 
Angyal values. 
a- is the standard a.eviation from the Angyal values, 
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The results are given for the unstrained, and 
for all pentoses. They are adjusted in each set so that 
the mean of the set is zero, as are the Angyal values, 
so that the standard deviation is a minimum, 
3.4 	ATOi_CCC-dJINATS 
Most ubi1hed determinations of molecular 
dimensions are in terms of bono. 1enths and angles. 
When the molecule contains a Closed ring, the calculation 
thence of cartesian coordinates of the atoms is not 
mathematically trivial. 
For a six-membered ring, there exist three 
degrees of freedom per atom giving eighteen in all, less 
three arbitrarily fixing it in space and three orienting 
it with respect to the cordinate frame. There are thus 
twelve independent parameters, and these are to be 
obtained from six bond lengths and six bond angies the 
system is thus fully determined and will have a limited 
number of exact solutions. There may be none (if, e.g., 
all the bond angles are 1800) or, in a real situation, 
two different chairs and possibly some boats. 
The following method was developed for the 
computation of these ring atom coordinates, by refining an 
initial 'trial! ring which aroxirnates to the desired one, 
(i) Let P1 to P6 uefine a suitable trial ring (see below) 
with eonrrinat.es (x., y, z1) -4-- 	1, bond. 1ngtLs 
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Si ( = P1P2 ) to 6'  bond angles 
b1 ( = P6P1P2) to b6. 
Let r1 to r6 and a1 to a6 be respectively the 
desired lengths aiiu angles, 
(iii) j4nimise the function 
F 	(r_s1)2 + T (a-b1) 	 (1) 
with respect to the 18 variables, x1, y1, z1, x2 etc. 
For an exact solution, the minimum P will be zero, 
furthermore, if the trial ring is chosen to be in the 
desired conformation (e.g. Cl chair) and the step size used 
in the minimisation procedure is sufficiently small, then 
the final ring will be an arbitrarily placed and oriented 
ring with the desirea. properties. 
A computer program was written to do this using 
the Nelder anu Mead simplex method (see Appendix 1). The 
function P was modified so that the terms were all about 
the same magnitude when the lengths were in Xngstroms and 
the angles in degrees, by dividing the angle terms by 70. 
Steplengths were taken as o.l (X or x70°) and the 
procedure converged to p < 	after about 2000 function 
evaivations. Agreeent between 'skea' and 'found' 
parameters was to about 1 in 
Two further steps in this program added pendant 
groups and oriented the whole. 
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UM 
Fig. 22. Pendant atom parameters 
The position of a pendant atom is fully defined 
(see fig. 22) by: 
the bond length from it to the ring atom, r4, 
the angles between this bond and the ring bonds 
backwaru.s an.i forwards, s and t respctively, and 
whetuier it is axial or equatorial. The two positions 
meeting criteria (a) anu (b) may be determined as follows: 
Let p2 p1 p be the relevant part of the ring and p4 be 
the new point to be established. Let x, y, z 	be the 
components of PP (see fig. 1); 
thus x,-x + y2y4 + z2z4 = r2r4cos s 	 (2) 
xx4+ y3y4 +z-z = r3r4cos t 	 (5) 
and 	x + y 4 2 + 
	z 4 2 	= r 4 2  
Let the riht hand sides of (2) and (3) 	be A and B 
respectively. 
Thus from (2) x2 x3x4+x3y2y4= 	x-. (A-zz)  
and from (3) x2x3x4+ x2y3y4 	x2  (B- '.3'4) (6) 
whence y4  x3(A-z2'4) 	- x2 (B-z3z4) (7) 
x3y2 - x2y3  
Let the denominator be C. 
s. y4 	[(x3A - x2B) / c]+ [(-x3z2+x2z3) /cJ z4 	(8) 
= 	 say 	 (9) 
similarly, x4 = F + GZ4 	 (10) 
Where F = (y3A - y2B) / H 	 (11) 
G = (-y3z2+y2z3) / H 	 (12) 
and. 	H = y3x2 - y2x3 	 (13) 
Thus from (4), (9) and (1C) 
(F + G z4)2 + (D+E z4)2 + z 4 2 = r2 	 (14) 
and if the polynomial coeicients of z are 
a = G2+ R2 +1, 	b = 2 M, +C = F2+ B2 - r42 	(15) 
the two values of z4 are given as usual by 
z4 
 =Lb± 	
j(b - 4ac) 	2a 	 (16) 
The sre root will always be real for a valid problem. 
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The two values of x4 anu y. can thus be 
obtainee. from (9) anu (10) anu the appropriate point 
chosen by consideration of the fact that the axial position 
is closer to a ring atom next but one to its attached one 
(e.g. axial 0(1) is nearer C(3) than is equatorial 0(1) ). 
The only singularity that can arise is if C 
(or H, which is -a) is zero or close to zero. Now 
C = x2y3 - x3y2 = -q2q 	in x where qi is the projection of 
r on the xy plane, and x the angle between q and q. 
Tnis will be small 
if'q2  or q is small, or x is close to 
0° or 180°, that is, when the plane of p1P2p is nearly 
perpendicular to che xy plane. 
The procedure adopted to overcome this was to 
test if 	
I 
X  21 	I X31 was less than 0.2, and if so t 
permute all the coordinates thus: z * x, x * y, y 
or if 	y2 
+ I 	I 
was less than 0.2 to permute; 
z E y, y * x, x z. This is simply done, and involves no 
los6 of precision due to rounding errors such as other 
methods miht, and it is easily seen that this modification 
will cope with even the worst possible orientation of the 
molecule. 
The last step is to orient the molecule with 
respect to the axes 	This requires the user to specify 
(1) 	an atom to be the origin, 
(ii) an atom to lie on a seci±ied semi-axis 	nnd 
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(iii) an atom to lie in a ouarter-plane formed by this 
and another specified semi-axis. 
This entails one translation to the origin and three 
rotations. Letails of this frequently required operation 
are given in Apendix 3. 
General proramminb Uetails are given in 
Appendix 4. 
Arnott and Scott15 have subsequently adopted 
a very similar approach which differs only in including 
the ring dihedral angles (e.g. that between the planes 
C(1)-C(2)_c(3) and C(2)-c(3)c(4) ) in the minimisation. 
This hives an over-determined system in which F will not 
necessarily minimise to zero, ana the weighting factors 
assigned to lenths, bona. angles and dihedral angles will 
be important in determining the result. In fact Arnott 
and Scott give low significance to the dihedral angles so 
that the values obtained differ only slightly. 
or the present work, two sets of coordinates 
have been used, denoted videall and 'A & 5, The ideal set 
were calculated as atove from mean values taken primarily 
from Settineri ariu jjarchessault's work 23 	the A & S set 
are from Arnott ana. Scott's paper, and are mean values 




Comparison of bond length and angle assumptions 
Ideal A & S Rao 
Ring 	C(1)-c(2) 1,54 1.523 1.53 
C(2)-C(3) 1,54 1.521 1.53 
C(3)-C(4) 1.54 1.523 1.53 
C(4)-c(5) 1.54 1.525 1.53 
c(5)-0(5) 1.42 1,436 1,53 
0(5)-C(1)  1.42 1.429 1.42 
 1.42 1.414 1.42 
0(5)-c(l)-c(2) 110.0 109.2 109.47 
c(1)-c(2)-c(3) 110.0 110.5 109.47 
C(2)-C(3)-C(4) 110.0 110.5 109.47 
C(3)-C(4)-C(5) 110.0 110.3 109.47 
0(4)-o(5)-o(5) 110.0 110.0 109.47 
C(5)-0(5)-c(1)  111.0 112.0 114.0 
(ci) 111.0 114.0 114.0 
Pendant: C(1)-.0(1)  1,43 1.389 1.42 
 1,43 1.415 1,42 
(2)-0(2) 1.43 1.426 1.42 
1,43 1,426 1,42 
0(4)-0(4) 1,43 1,426 1,42 
C(ring)-R 1.09 1,1 1.10 
0(5)-C(]-)-O(1)  110,0 107.3 109,47 
(ci) 110.0 111.6 109.47 
c(2)-c(1)-0(1) 110.0 108.4 109.47 
C(l)-C(2)--0(2) 110.0 109.3 109.47 
c(3)-c(2)-0(2) 110.0 110.8 10947 
c(2)-c(3)-0(3) 110.0 109.6 109.47 
c(4)-c(3)-0(3) 110.0 109.7 109.47 
c(3)-c(4)-0(4) 110.0 110.4 109.47 
c(5)-c(4)-0(4) 110,0 18,6 109.47 
c/o(ring)_c(ring)_H 109.5 109.5 109.47 
Notes: 	(a) equatorial 0(1) ana axial 01)-H 





(a) Atomic cocrdinates for pentose - Ideal 
The six groups are (i) ring, (ii) anu (iii) pendant 
atoms for equatorial oxygen, (iv) and (v) pendant 
atoms for axial oxygen, (vi) H(5a) (equatorial) and 
H(5b) (axial). 
x Y 
C( 1) • 0000 (100 
C(2) 1.5400 .0000 000 
 2.0668 1.4470 
 1.3904 2.2536 -I.123 
C( 5) -.1383 2.0910 -1.0425 
3(5) -.4856 7167 -1. 1256 
3(1) -.491 -1.3435 -.0274 
'3(2) 2.029c -.6986 1.179 
3(3) 3. 44S' 1. 4509 -. 1802 
'3(4) 1.7423 3. 6354 -1.0143 
H(1) -.3634 .4686 .9144 
H( 2) 1.9(337 -.5197 -.8864 
8(3) 1.8516 1.9126 .9618 
H( 4) 1.7435 1.3957 -2.0915 
3(1) -.4491 .5932 1.2057 
3(2) 2.029[j -.6936 -1.1479 
3(3) 1.4093 2.0613 1.2654 
3(4) 1.8627 1.8072 -2.3982 
8(1) -.3634 -1.0264 -.0374 
8(2) 1.9034 -.5197 .8863 
8(3) 3. 158  
8(4) 1.6506 3.3073 -1.0229 
R(5.) -.6064 2.63'49 -1.4630 
-.4974 2.5007 -.0946 
(continued over) 
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Table 10 (continued) 
(b) 	Atomic coordinates for pentose - A & S with axial 
0(1). Groups as in (a). 
X Y z 
 .0000 .0000 .0000 
 1.5230 .0000 .0000 
 2.0551 1.4249 .0000 
 1.65 2.219 1  -1.1477 
CC 5) -.0743 2. 11 17 -1.1144 
3(5) -.4652 .7300 -1. 1181 
3(2) 1.9943 -.7166 1.1392 
3(3) 3. 4752 1. 4052 -. 1288 
3(4) 1.8071 3.5956 -1.0457 
 1.8902 -.5291 -.8918 
 1.3059 1.9099 .9553 
1.8215 1.8283 -2.1049 
3( 1) -.4384 .5596 1.1938 
3(2) 1.9943 -.7166 -1.1392 
3(3) 1.7395 2.0534 1.2405 
0( 4) 1.9107 1.7195 -2.3998 
-.3672 -1.0352 -.0587 
1.99(12 -.5291 .8918 
H(3) 3.1500 1. 4079 -. 1051 
3.2757 -1.0601 
-.4976 2.6154 -1.9960 
H( 5F) -.4572 2.3993 -.2057 
(contifluea. over) 
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Table 10 (continued) 
(c) 	Atomic coordinates for pentose - A & S with 
equatorial 0(1). Groups as in (a) 
x Y 1 
C(1) .0000 .0000 .0000 
CC 2) 1 • 5230 0000 0000 
 2.0565 1.4244 .0000  
 1.4407 2.2192 -1.1440 
CC 5) -.0795 2.1052 -1.1051 
0(5) -.4733 .7246 -1.1371 
0(1) -. 4384 - 1.3112 -. 1240 
0(2) 1.9944 -.7172 1.1388 
0(3) 3.4756 1.14037 -.1382 
0(4) 1.7964 3.5962 -1.0405 
R(1) -.3672 .4791 .9196 
1.8902 -.5296 -.8915 
 1.8113 1.9032 .9570 
R(4) 1.8136 1.3309 -2.1033 
0(2) 1.9944 -.7172 -1.1338 
0(3) 1.7461 2.0514 1.2426 
0(4) 1.9021 1.7230 -2.3988 
H(2) 1.8902 -.5296 .8915 
f{(3) 3.1506 1.4067 -.1123 
 1.7321 3.2762 -1.0553 
H(5A) -.5093 2.6298 -1.9712 
X(55) -.459S 2.5742 -.1355 
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A Comparison of ideal, A S and Rao (see 
section 3.) aswnptions is L4ven in table 9, and the 
ieaJ. anu A & S coorcLjflates in table 10. 
5,5 	 - RESULTS 
The calculations as described in previous 
sections were first carried out on the unstrained pentoses. 
Several runs were performed to establish the best values 
for (a) the number of Monte-Carlo cycles, and 
(b) the maximum step size for the Metropolis 
averaging (see section 2.6). 
The latter was chosen by inspection of the 
proress of the Markov chain, After the initial settling 
down (which was excluded from the averaging), a step size 
was recu.ired which would cause a 20 to 30' rejection rate. 
Steps of 50, 100 and 150 were tried, and the system was 
found not to react critically to this parameter: a value 
of 100 was chosen. 
huns of 50c,10co, 2000, 50Cc and 10000 cycles 
were then carried out using different rana.om  seeds (see 
peniix 2). A value of 50Cc was chosen as being the best 
compromise between convergence and economy, giving energies 
with a standard deviation from the mean of about 0.1 kcal/mole, 
The torsional energy term being the least well 
characterised, and also (see section 3.3) having been 
R 	by  other workers, a series of runs was performed 
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Table II 
Calculated energies in kcal/mole. 
Best fit for A & S coordinates: 	0.7 torsion. 
(1) (2) (3) ( 4) (5) ( 6) 
CON  FIX FLOAT IOTAL 0 	NiJ AN  kAJ 
EEEE 19.69 -13.64 6.04 .06 -.68 -.72 
AEEE 20.27 -14.67 5.60 -.38 -.33 -.12 
EPEE 21.75 -15.70 6.05 .07 .22 .28 
EEAE 20.53 -14.53 6.00 .02 .22 -.16 
EEEA 22.08 -16.13 5.95 -.03 -.23 -.04 
AAEE 19.29 -13.98 5.31 -.67 -.23 .32 
AFEA 21.37 -15.36 6.01 .03 .12 .41 
EAAE 19.62 -12.87 6.75 .77 .62 .31 
EEAA 19.76 -j3.69 6.9 11 .32 -.2w 
UNS1AINED PE..\UES - A+ 	CJ'JrL)INAiES 
ixea-fixea. interactions. 
ixea-float ano. float-float interactions 
) Total 
Same, aa.justea to have zero mean 
A%yal values 
Pao undistortec 'ralues (ccc scotion 
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Table 12 
Calculated energies in kcal/mole. 
Best fit for ideal coordinates : 	0.8 torsion 
(1) (2) (3) (14) (5) (6) 
C3NF FIX FLUAT TJTAL 0 MN AN  hAO 
EEEE 19. 49 -13. 60 5.89 -.18 -.68 -. 72 
EEE 19.96 -14.23 5.68 -.39 -.33 -.12 EAEE 21.28 -14.95 6.33 .26 .22 .28 EE.4E 20.41 -14.10 6.31 .24 .22 -.16 EEEA 21.79 -15.69 6.10 .03 -.23 -.04 A. PEE 23.37 -17.26 6.11 .04 -.23 .32 AEEA 21.08 -15.17 5.91 -.16 .12 .41 EAAE 19.09 -12.62 6.47 40 .62 .31 
E E A A 19.59 -13.79 5.80 -.27 .32 -.28 
UNSTRAINEI) PENTOSES - IDEAL COO PDINATES 
Columns as in table 11. 
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Table 13 
Standard deviation from Angyal values - unstrained. pentoses. 
Set 	 Cr(keel/mole) 
A & S 	(table 1) 	 0.32 
Ideal (table 2) 0.31 
Rao - no angle strain 	 0.35 
with angle strain 0.50 
(Section 3.3) 
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using difierent proportions of the assumed barrier height; 
these were 0, 0.3, 0.5, 0.7, c.8, 0.9 and. 1. 
Both sets of coordinates were used for each. 
Fig. 23 shows a plot of the standard deviation from Angyal, 
Cr, (see section 3.2) as a function of the torsional 
barrier, and it can be seen that a value of about 0.7 - 0.8 
is best. The best fits for A & S and ideal coordinates 
are given in tables 11 aria 12 respectively, showing the 
fixed and floating contributions (see section 2.7) and 
the comparison with Angyal and Rao values, Standard 
deviations from Angyal values a:e given in table 13 from 
which the method is shown to be marginally better than 
that of Rao. 
3.6 STRAINED PINT0SS - RESULTS 
The strained pentoses are those which contain 
two axial hydroxyl groups on the same side of the ring: 
they are AEA, EAEA, AAAE, AAEA, 'AEAA, EAAA and. AAAA. All 
but the first two of these can relieve this strain by 
flipping to the 10 chair conformation, and it is found 
experimentally that they do, with the exception of AAEA, 
which exists like AEAE,  and EAEA, as a mixture of both forms 123, 
The calculation described previously was carried 
out on these pentses for each set of coordinates using 
the best torsion barrier as established for the unstrained 








0 02 04 06 08 tO 
Fig. 23. Dependence of standard deviation from Anra1 
(o , in kcal/molo) on value assumed for torsion 
barrier, fT, where T is the 'normal' value 
x - ideal coordinates 
- A & S coordinates 
The standard error in a is about 35. 
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Table 14 
Calculated energies in kcal/mole, 	- 
Best fit for A & S coordinates : 0.7 torsion, 
(1) (2) (3) (4) (5) (6) 
CJ.\JF FL< FL31 1JAL 0 	1.11N 
EEEE 19.68-13.64 6.0' -.14 -1.21 -1.11 
P.EEE 20. 27 67 5.60 -.57 -.06 -.61 
EAEE 21.75 -15.7o 6.05 -.12 -.31 -.11 
EEPE 20.53 -14.53 6.00 -.18 -.31 -.58 
EE-EA 22. (H - 16. 13 5.9b -. 23 -. 7 -.43  
PAEE 19.29 -13.98 5.31 -.86 -.76 -.13 
PEER 21.37-15.36 6.01 -.17 -.41 .02 
EPPE 19.62 -12.87 6.75 .57 .09 -1.02 
LEAP. 19.13 -13.69 6.09 -.09 -.21 -.69 
AEP.E 24.36 -17.93 6.43 .26 .64 .80 
E A E A. 27.17 -19.85 7.32 1.14 .74 1.19 
AP.P.E 20. 53 - 14.03 6. 50 32 39 45 
P.AEA 23.L -17.53 5.95 -.22 .29 .70 
AEAP. 22. 43 - 16. 41 6.02 -. 1 6 7 57 
EAAA 21.39 63 6.26 00 79 .30 
PAPA 21 • 69 - 15. 17 6. 52 35 1.09 75 
ALL PE'flJSES - A+ C3JDINATE5 
Fixed-fixed interactions. 
Fixed-float and float-float interactions. 
Total 
0aiie, adjusted to have zero mean 
Anyal values 
Rao unuistorted values (see section 3.3). 
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Table 15 
CaJ.culated eritries in xca1/xi01e. 
Best fit for ideal coorLiinates : 	0.8 torsion 
(1) ( 2) (:3) C 4) ( 5) ( 6) 
CJ 'J F F IX FL 0 Al 1 J 1 AL 0 	1 N AN 0 
EFEE 19.49 -13.60 5.39 -.18 -1.21 -1.11 
AEEE 19.96 - I zi. 28 5.63 -.39 -.6 -.61 
EAEE 21.28 -14.95 6.33 .26 -.31 -.11 
EEPE 20.41 -14.10 6.31 .24 -.31 -.5S 
EEEA 21.79 -15.69 6. 10 .03 -.76 -.43 
AAEE 23.37 -17.26 6.11 .04 -.76 -.18 
AEEA 21.08-15.17 5.91 -.16 -.41 .02 
EAPE 19.09 -12.62 6.47 .40 .09 -1.02 
EEAA 19.59 -13.79 5.80 -.27 -.21 -.69 
AEPE 23.95 -17.53 6.37 .30 .64 .80 
EAEA 2. 50 -20.01 6.49 .42 i' 1. 19 
AAAE 20.21 -14.02 6.19 .12 .39 .45 
AAEA 19.33 -13.96 5.37 -.70 .29 .70 
REAA 21.96 -16.09 5.87 -.20 .7L1 .57 
EAPA 21. 1$ -15. 	1 z4 6.04 -.03 79 .30 
AAP.A 21.13 - 6.25 18 1.09 .75 
ALL PEN1JSE.5 - IDEAL CiikiJINA1EL)  
Columns as in table 14 
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Table 16 




A & S 	(table 1) 
	
0.52 
Ideal (table 2) 0.66 
Rao - no angle strain 	 0.37 
- with angle strain 0.44 
(Section 3.)) 
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The i'uLts are shown in "-Lbles 14 and 15, and the stauard 
eviations from the Ariyal 1'iures in Table 16: each of 
these snows all 16 entoses, 
The inability of the present method to deal 
with the straining is shown by the large increase in 
C7 from about 0.3 to 0.5 or more kcal/mole, which is not 
unexpected in the absence of any method for relaxing this 
strain, The Rao results, on the other hand, give about 
as good agreement as for the unstrained case, although 
again the calculation with distortion is slihtly worse 
than that without. 
.7 	DIS0USI0N JJTD 00N0LUIC1,,1S 
The present method is clearly by no means 
perfect. The agreement with Angyal even for the unstrained 
isomers is poorer than can be accounted for by statistical 
errors 	Predicted differences between pairs such as 
and ALEE are, in several cases, of the wrong sign as well 
as diiferin in magni.tuae. 
Three possible sources of this disagreement can 
be considered, 	irstl, as previously noted, the comparison 
is between free energies and. enthalpies. The calculation of 
conformational entropies has been attempted by others from 
the relationship 
S = R (in q + d in ajd In T) 	 (1) 
where S is the relative entropy. P the c--as constant T the 
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terjcrsturu snd q th partition function as already 
, defineu 	r 	e 	98 Eant t el 	have done, this for peptides, as 
previously noteu, ancL Rao '' has made a very roubh 
estimate Icr carbohyurates by assuming the only accessible 
states to be those defined by staggered conformations of 
the pendant groups, with the exception of the one in the 
axial configuration where the OH bond is directed across 
the ring. Thus in pentoses q = q1q2q3q4 where q1 = 3 for 
equatorial 0(i) or 2 for axial, and the derivative term 
is taken as zero so that his S = R in q. 
In a potential function such as ours, where 
these torsion minima ere usually close to total potential 
minima, this approach miht have a certain validity, but 
clearly q is a function of temperature (because more 
states are available at higher temperatures), and states 
otherthan the energy minimum are occupied., so that a much 
more rigorous treatment is called for. 
Secondly, the present potential function might be 
further optimised. As has already been noted, the polar 
term miht benefit from a varying dielectric constant. 
Lastly, it must be appreciated that Angyal's 
values may involve some inexactitude, particularly when the 
method is applied to isomers for which there has been no 
experimental verification. 
InpeeLiozi of the results does not immediately 
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show any trends which would sujest any of these sources 
as more likely than the others nor, indeed, would this be 
expected, since their effect on the final eneriec is, in 
most ca3es, complex. Inclusion of Rao's entropy terms, 
which althouji poor, may be of the correct order, does not 
appreciably imrove areeent. 
Consideration of the anomeric effect, one of the 
better documented aspects of the problem, shows that it 
emerges from the calculations, but in most cases is 
overestimated• thus 	is predicted to be stabler than 
contrary to Anyal, and so on. The ' A2 effect' 
(which is that the stabilisation due to the ancmeric effect 
is enhancea for axial 0(2) ) is also shown: thus the 
EA 	- AAELI, chanbe is even greater than the 	- Ai 	one. 
The origin of the anomeric effect has been ascribed 124 
to the unfavourable interaction of the equatorial 0(1) with 
a postulated 'rabbit-.ear' lone pair on 0(5). yore recent 
work 125, however, has shown that the existence of such a 
sharply defined electron distribution is unlikely. The 
present conclusions thus agree with this, in that an 
anomeric effect is shown even when the charge on 0(5) is 
consiaered to be shericaliy symmotrical. since the 
rnagLlituo.e of the effect varies with the solvent, the 
discrepancy in the predicted values may be an effect of 
the imprecise treatment given to solvent interactions, and 
in any case, the entropic unfavourability of the axi1 
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ccn1iuratiou will tii to brixi the values closer 
tObC trier. 
In conclusion, the present work uses an 
accepted potential function, considering only the torsion 
berrier s an 	ju:tble parEmeter, and yields results 
showing as good correlation with experiment as other 
methods, such as that of Rao which allows van der Vaa1s 
parameters and the dielectric constant to be variable 
ana omits entirely a torsional potential, 
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CHAPTER 4 




The study of uisaccharicies differs from that 
of monosacehariues in involving the problem of linkage 
conformation. Linkage conformation, unlike pendant group 
conformation, is amenable to study by x-ray crystallography, 
so that results may be directly compared. 
The molecules which have been studied are maltose 
and cellobiose, each consisting of two glucose residues 
linked respectively a-1,4 and 	-1,4. They are the dimers 
correspondin6 respectively to amylose and cellulose. 
The problem here is more difficult than with the 
monosaccharides, primarily because of the larger number of 
conformation angles, on the other hand, many linkage 
conformations can be rapidly eliminated by impossibly 
close contacts by the fixed atoms, shown by huge 
van der Waals energies. 
Using fixed and floating as before, and (in) and 
(a) to refer respectively to mutual (inter-residue) and. 
self (intra-resiclue) interactions, 
the fixed-fixed (s) terms are independent of linkage 
conformation and may be neglected, 
the fixed-fixed (in) terms are independent of pendant 
group conformation, but vary withY.  and 
the rest, fixed-float (s), fixed-float (m), 
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float-float (s) and. float-float (in) vary with pendant 
group conformation and must, as before, be averaged. 
In order to economise on computing, (c) was 
omitted if (b) exceeded either a preset absolute limit, or 
a preset amount greater than the lowest (b) +(c) found 
already. BY inspection of the results, 500 and 50 
kcals/rnole respectively were fixed as these limits. 
The averaging of the (c) terms was done as a 
plain ionte-Carlo and for practical reasons only 500 cycles 
were taken. This gave a much less accurate result than that 
in the monosaccharide case. Seven components of this 
averaged energy were separately recorded; these were 
fixed-float (in) and float-float (in) van der Waals, and. 
polar; 	(iii) fixed-float (s) and float-float (s) 
van der Waals and (iv) polar; (v) torsion about Co bonds, 
(vi) torsion about CC bonds and (vii) hydrogen bonding. 
If the jth evaluations of these are G 	to E 	and 
then each was averaged by 
.= T'-ij exp(-./kT) 	 (1) 
j 
as before, so that the correct ̂E is the sum of the 
Final-v , these were adted to a further three terms 
from (o), being (viii) fixed-fixed van der Waals and 
(ix) polar, and (x) gycosidic bond torsion, and each term 
and the sum printed as a map with axes 4 and j. The relative 
111 
probabilities of occupancy of each /itJ combination were 
also calculated in the usual way. 
The summation of terms was carried out such that 
the hydrogen bond term included only the OIH interaction: 
thus it tenas to be larbe and negative, being offset by the 
large positive 010 polar term. This was for practical 
reasons, since the latter term may occur as part of two 
possible hydrogen bonds if both oxygen atoms have attached 
hydrogens. 
The calculations were performed for 0and 
steps of 150  from 00  to 3450•  The coordinates were 
initially oriented so that the glycosidic oxygen, 0(4)R or 
C(l)N was at the orii.n, the H residue was arranged with 
C(4) on the x semi-axis and C(l) in the +x, +y quarter 
plane, and the N residue with C(l) on the -x semi-axis and. 
C(4) in the -x, +y quarter plane. Thus if p (x1, y, z) 
is any N-residue atom and a the glycosidic angle 
C(4)R_0(91)_o(1)N, the conformation given by 	and 	is 
obtained by transforming the N-residue by 
a rotation about the x-axis of 4, 
a rotation about the z-axis of ( ,Tr -a), and 










Fig. 24. 	Generation of disaccharide coordinates 
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	 11J sin a 
sin 1J sin  
Sin a cos 4) 
-cos acos 	cos 4) 





sin a sin 4) 
-cos acos 	sin 4) +cos 4) sin 
sin 	cos a sin 4) 
+cos cos 4) 
The coordinates used. were Arnott and Scott 
(see section 3,4) with a glycosidic angle of 1170 . 
4.2 	CALCULATION 01? HELIX PARAMETERS 
If the linkage conformation between each pair of 
residues in a homopolysaccharide is the same, then the 
polysaccharide will be helical. Such helical structures 
have been observed (section 1.5) and characterised in terms 
of h, the projected height of a residue on the helix axis, 
and n, the number of residues per helix turn (see fig. 9). 
Miyazawa 126  has developed a method for calculating 
n and h from 4) to 4i, as follows. Consider each residue to 
be composed of three 'bonds? between P1 (0(1)), P2 (0(1)), 
P3 	(c(4)), and P1'  (0(4)) (fig. 25). 	Let r ij  be the 
distance PjP, lti- the angle i-_i'. P +i, and ti-1 the 




42 	 t 31 
 
12 	r2 3 23 
Fig. 25. Internal coordinatec for helix parameter calculation; 
P1 and. P1' represent glycosid.ic oxygens, P2 and. P3  
are c(i) and 0(4) respectively. 
Fig. 26. Projection do;m the helix axis, 0, showing Q. 
The arrows represent residues, the black dots, 
successive glycosidic oxygens. 
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Then, 
acos19 = 	cos((+t12+t2 +t31))Sifl 2 sin 
12 	23 	31))Cos -  i 	
sin 2I S)•fl 
(1) 
_cos((+t12-t23-i-t31))sin 2 COS ip Slfl - R 
-cos((+t12+t23-t31))sin 	 COS I 
and. 
=h sin9 = (+r12+r23+r31)sin(+t12-F-t23+t31) 
sin 	sin 
-(-r12+r23  +r31) sin(-t12+t23+t31) 
COSsin 2P2  Slfl 24 3 
-(+r12-r2 +r31)sin(+-t12-t23+t31 ) 
sin 2 P cos 22 
-(+r12+r23-r31) sin(+--t12+t23 --t31) 
sin211 1 sin 	cos 	 (2) 
where e is angle subtended at the helix axis by one residue, 
when projected down the axis (see fig. 26), which is 2-IT/n. 
Thus, 
n = m /are cos a 	 (3) 
Me 
h=/ 11-2 	 ( 4 ) 
Unfortunately, several sets of conventions have 
been applied to the helix parameters. Clearly, if n < 2, 
the helix can equally be considered as of the opposite sense 
with e' = 2Tr G and n'= n/n_i. Helices of opposite senses 
(left or right handed) may be formally denoted by positive 
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and negative n or h. Following flees 127  in this work n 
will be taken as positive and negative for right- and 
left-hanaea helices respectively and /n/ 	2, and h 
always positive. 
These may be generated from the above a and j3 
(eqns. 1 and 2) thus: 
h 	
I 	 (5) 
n = sign (cz3 ).-IT /arc cos lal 	 (6) 
In this convention, n = x is equivalent to n= -x if 
x=2 orh= 0. 
For geometrical details (of dihedral angle 
calculation etc.) see Appendix 3. 
The method detailed gives n and h as functions 
of 	and tir. Occasionally, however, the values of 	and hr 
corresponding to a given n and h are required. These can 
be found approximately from graphical interpolation, bit 
for many purposes, such as the calculation of coordinates 
for lengths of polysaccharide, more accurate values are 
desirable. 
To achieve this, a program was written to do a 
least-squares fit of 4 and tjr to any giver n and h. This 
used the simplex procedure outlined. in Appendix 1. In 
order to avoid confusion between the several points with 
the same n and h values, a small (1 0 ) steplength was chosen. 
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The procedure then converged to less than .010 in both 
and V usually after fewer than 200 evaluations, when 
started from within about 100 in both angles. 
This method was used to fix the positions of 
possible helical structures on the 4/i maps in the next 
sections. 
4. 	LALT0S.: THi. a-1.4 LINKAGE — RESULTS 
The results of the calculation described in 
section 4.1 on maltose are shown in fig. 27. The contours 
are 5 and 10 kcal/mole above the minimum energy conformation 
shown by M. 	A subsidiary calculation with smaller 
steplength (2°) in 	and was carried out in order better 
to fix this minimum both in position and energy; this 
showed it to lie in !act very close to the originally 
evaluated position. 
The relative probabilities of occupancy of each 
of the areas of less than 5 kcal/mole were calculated and 
are shown in table 17, from which it can be seen that the 
largest area is greatly favoured. 
The other points marked on fig. 27 show crystal 
structures (c) and the established helical V form of 
ylose when complexed with iodine (v). Also shown (H) 
are the calculate linkage conformations in the cyclohexa- 
2Q 
	
-- 	l2R1 	4 
...1. IIJ ctcLLbL - 	1 -- 	LLU W 
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pig, 27. 	potential energy map for maltose (over) 
Contours are 5 and 10 kcal/mole above the minimum. 
The symbols indicate: 
M - the minimum of the potential 
C 	- 	crystal structures: 
upper left - 13-maltose 131 
upper right - cyclohexacylose 132 
lower - meth1 13-maltoside 133 
H - Saenger cyclohexaamylose (see text) 
V - V-amylose, n = -6, h = 1.32 X 
S - B-amylose, single helix model, 
n = 6, h = 1.731: top and right, 
right-handed helix; bottom and left, 
left-handed helix. 
D - B-amylose, double helix model, 
best approach: 	n =6, h 4 3 X: 
upper, right-handed helix; lower, 
left-hanued helix 
R - solution conformation predicted by Thom 5  
4.  
from optical rotation work, 
27C 
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Fig. 28. 	Hell:: parameters on the energy contours for maltose. 
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TABLE 17 
Thermodynamic probabilities of the low energy zones at 25°c 
Zone around 	 Thermodynamic probability 
IJ (deg.) 	 (percentage) 
150 180 94.5 
180 130 3.3 
105 120 1.1 
130 0 0.8 
195 195 0.2 
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close to the crystal values, the mean of four similar 
linkages, and, separately, th two linkages to the 
'twisted' sixth residue. 
possible conformations of B amylose, the other 
important form, are also shown. From diffraction studies 
this is known to have lI =6 and a fibre repeat of 1.73 R. 
Suggested structures are thus a single helix (s) with 
h = 1.73 X or a double helix with h = 3.46 L 
rom helix parameter calculations (see fig. 28), 
this latter structure is shown to be impossible with A & S 
geometry, since with n = -6, the maximum possible h is just 
under 3.0 X, so that the double helix could form only with 
some distortion of the rings. The 'best approach' to this 
structure is shown (B), and the question is further discussed 
in section 5.5. 
Optical rotation studies in aqueous solution and 
V. 
the application of Rees' rule (see section 1.7) have led 
Thom 
54  to favour the conformation shown by R. 	Although 
this zone is of low probability, it can easily be seen from 
models that it lacks the stabilising 0(2)N to 0(3)R hydrogen 
bond present in the region which is assigned high probability 
by the present calculation. In aqueous solution this 
hydrogen bond will be much less likely because of competitive 
hydrogen bonding with water molecules, so that the zone 
containing H will be relatively more favourable. 
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However for methyl 3-maltoside dissolved in 
dioxan, a solvent which cannot form hydrogen bonds, Thom 54 
reports an observed linkage rotation of -23° at 25°C, a 
value which Rees' rule predicts for certain conformations 
- within 5 0 in and. jof the calculated energy minimum. 
.xaination of the terms which contribute to the 
total energy bives inloimation as to the predominant forces 
within the molecule. 
The shape of the low energy regions is 
determined primarily by the fixed atom van der Waals 
interactions, which explains the success of the hard sphere 
approach. Within these regions, however, both fixed and 
floating atom polar terms exert a marked influence, the 
latter being complicated by the hydrogen bond potential 
wnich may offset any large 0-0 repulsions. 
Torsion terms generally average out relatively 
constant as do the other intraresidue terms, as would be 
expected, since their dependence ot 4 and ii is a secondary 
effect. 
A comparison of the results calculated here 
with several reported in the recent literature is shown in 
fig. 29, which shows the 5 kcal/mole contour for each. 
The comparison is approximate since other workers have not 





120 	180 	2/+0 
-- 
lig, 29. 	Comparison of potential energy calculations 
for maltose. Contours are "-'5 kcal/mole above the minimum, 
- 	- present calculation 
Rao (lory potential) 
Brant and Dirnpfl is very similar 
- x - x 	Rao (Kitaiorodsky potential) 
Blackwell et al is very similar 
-•-,-•-•, 	Pullman and co-workers 
See text for details and references, 
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absolute heights of their contours, and also because 
several use 	conventions based on coordinate-dependent 
factors so that the positions given may be up to about 
5 
0 out. 
The other studies are as follows: 
1) 	Rao and co-workers 78  using the Flory potential 
(6_exp) with no polar or torsion terms, 
ii) Rao and co-workers 73  using the Kitaigorodsky 
potential with no polar or torsion terms, 
111) Blackwell, barko and Marchessault 25, similar to (i) 
but including a H-bond term, 
iv) Pullman ana co-workers 95  using a. quantum mechanical 
treatment. 
V) Brant and Dimpfl 
130 
 using a Lennard-Jones (6-12) 
potential and some polar terms but no torsion terms. 
It can be seen that the various methods give 
essentially similar information, although no treatment 
other than the present one accounts for both the crystal 
and soluLion conformations. It is also clear that the 
inclusion of a full o1ar and hydrogen bond treatment 
substantially modifies the map, giving in general sharper 
minima ana favouring areas of lower more than the simpler 
methods. 
This calculation, therefore, is consistent with 
the known conformations of the a-1,4 linkage in the solid 
state anu in aqueous solution, whilst, unlike previous 
work in the fielu, takin account of the positions of all 
the atoms in the molecule considered, and utilising a 
potential function which follows more closely the known 
properties of the molecule. 
4,4 	CELLOBI USE: THE 3-1 LINKAGE -RESULTS 
Calculations similar to those performed on 
maltose were repeated for cellobiose: the results are 
shown in fi. O with helix parameters in fig. 31. The 
relative probabilities of occupancy of the regions of less 
than 5 kcal/mole are snown in table 18, 
on fig. 30 are shown several crystal structures 
(C) and the generally accepted 65 bent-chain conformation 
of cellulose which has n = 2 and h = 5.15 . Optical 
rotation studies 48 suggest that the conformation of 
cellobiose in aqueous solution is close to its crystal 
conformation. All of these are close to the calculated 
minimum, and uerive much of their stability from a 0(5)N 
to 0(3)H hydrogen bond. 
The region around 0 =0 	1.800  is similarly 
stabilised by hydrogen bonding between 0(6)R and o(5)N or 
0(6)N. Although this is a possible structure for cellobiose, 
its low h value is such as to exclude any possibility of 
127 
Pig. 30. 	potential enery map for cellobiose. 
Contours are 5 and 10 kcal/mole above the minimum. 
The symbols indicate: 
M - the minimum of the potential 
C 	- 	crystal structures; 
upper - 	-cellobiose 136 
(this is also its aqueous solution conformation) 
middle - a - lactose 137 
lower - methyl 3 -ceilobioside 138 
B - 	the bent chain conformation of cellulose, 
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Fig. 31. 	Helix parameters on the enerj contours for cello'oiose, 
- - - 	constant, n constant h 
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TABLE 18 
Thermodynamic probabilities of the low energy zones at 25°C. 
Zone around 	 Thermodynamic probability 
(deg.), 	 (percentage) 
210 	150 	 77.0 
210 	0 	 19.8 
260 	260 	 1.6 
0 	180 	 1.6 
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its regular repetition in the polymer. The region around 
= 2100, 	= 00 , corresponding to the formation of an 
0(6)N - 0(6)R hydrogen bond, is similarly affected. 
.Examination of the contributions to the total 
energy map yields similar conclusions to those for the 
maltose calculation. However, since the 0-linkage is less 
constricted in general than the a 	the fixed atom 
van der Waals terms permit many more linkage conformations, 
and the other terms are correspondingly more important 
within these regions. The correlation between low energy 
zones and specific hydrogen bonds is in this way much more 
marked than in maltose. 
Despite this apparent openness, however, the 
minima in maltose and ceflobiose are of almost the same 
energy (maltose being about 0.8 kcal/mole less). 
A comparison of several published energy maps 
with the present one is shown in fig. 32, with the same 
qualifications as before. 
The other studies are as follows: 
i) Pullman and co-workers 95  using a quantum mechanical 
treatments 
ii) 	yathindra ana Rao 134  using a Kitaigorodsky function 
ana glycosia.ic bond torsion but no polar terms. 









120 180 	21+0 	300 	0 
— $ ---0- 
oil 
Fig. 32. 	Comparison of potential energy calculations 
for cellobiose. Contours are ''5 kcal/mole 
above the minimum. 
present calculation 
- - - - 	pullman and co-workers 
-.-.-•- Sathranayarana and Rao 
yathindra and Rao 
See text for details and references. 
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to (ii) but including hydrogen bonding. 
In adiition, Rees and Skerret have published 127 
maps using Kitaigorodsky, Flory arid Liquori functions 
evaluated only inside their hard-sphere allowed zone, so 
that the 5 kcal/mole contour is not available. 
perhaps the most surprising aspect of this 
comparison is the diversity in the various maps, which is 
in contrast to the maltose case discussed previously. 
This is presumably due mainly to the flatter energy surface 
of cellobiose. 
As in maltose, the inclusion of polar and hydrogen 
bond terms clearly influences the map to a large extent, 
and whilst here several simpler treatments are also 
consistent in general with the known conformations, the 
present treatment yields an energy minimum very close 
indeed to the observed conformations. 
4.5 	CONCLUSIONS 
The results presented in this section show that 
the chosen potential function matches well the observed 
properties of disaccharides. 
The hdrogen bond potential, in particular, 
clearly reproduces well observed tendencies to form such 
bonus, without, contrary to many published calculations, 
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the need to preselect those oxygen atoms which are 
execteu to partake in them. 
The present metxioi, while practicable for 
mono- anu uisacchariues, has the disadvantage of requiring 
a great deal of computation in its statistical averaging. 
For this reason, given present resources, recourse must 
be made to simplified treatments when polysaccharides 
are considered 
A number of such methods are discussed and 
applied in the next chapter. 
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CHAPThR 5 
APPLICATIONS OF CONFORMATION 




Chapters 3 and 4 have dealt respectively with 
calculations on mono- and. disaccharides. This chapter 
shows how this method may be generalised to certain 
polysaccharides. 
The conformation of regular polysaccharides is, 
in general, governed by three factors, probably the most 
important is the interaction between adjacent residues, the 
linkage conformation. Secondly, there may exist interactions 
between residues which are not adjacent on the chain, but 
because of the form of the polymer, are close together in 
space. Lastly, there is the interaction with other molecules 
either of u.iilerent species (such as solvent interactions) 
or of the same species. 
This last factor is obviously most important in 
the solid state, although if the forces are sufficiently 
attractive, various types of such structures persist in 
solutions or gels. Two types of structuring are worth 
distinguishing; those where the molecules are in some way 
intertwined, such as double or triple helical structures, 
aria those where the molecules pack together in a more or 
less ora.ereci 'crystallite' structure. Clearly both of these 
may be present in a system at once.  
The determination of possible regular structures 
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of polysaccharides may therefore be approached as follows: 
Linkage conformation calculations on appropriate 
disaccharides with helix parameter determinations 
show the likely regions for 4) and ir, and the 
corresponding n and h values. Crystal packing 
considerations often limit possible n values to 
integral values such that the molecule has screw 
symmetry of 2, 3, 4 or 6. 
iodel building, either physically or by calculation, 
shows which of these are likely to suffer from remote 
contacts: in genera)- those with too low h. It may 
also show whether double or triple helical structures 
can exist. 
X-ray fibre diffraction evidence, when available, 
gives directly n and the fibre repeat distance, 
wnich is a multiple of h. 
This type of deduction may be modified or adapted 
to take advantage of any other facts known about the polymer, 
such as cation binding or hydrogen bonding. 
This chapter illustrates the method as used in 
various polysaccharide systems. 
5.2  
Interactions between polymers of uroflic acids 
aii I 1iiic cati.onc are important both biologicallY and 
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industrially, but little is known about the structure of 
the complexes thus formed. 
Recent experimental work 54o 139 using circular 
a.ichroism (see section 1.7) on alinates (VIII)  has shown 
the existence of a specific binding of calcium ions which 
occurs cooperatively with the sol - gel transition. 
Alginates are composed. of D-mannuronate and L-guluronate 
subunits which are arranged in blocks of all mannuronate, 
all guluronate, and alternating mannuronate and guluronate, 
and it is shown that it is the guluronate blocks which bind 
the calcium ions. 
Similar effects have also been shown 140  in 
pectin (Ix), which is a D-galacturonate polymer, Studies 
by Gould and. others 141  on the crystal structure of 
sodium calcium and sodium strontium galacturonates have 
shown that the divalent ion is located (see fig. 33) at the 
apex of a pyramid, the base of which is an 0(5), 0(6), 
0(water) triangle. Williams 142  has subsequently 
suggested the 'ideal' condition as that with the Ca-0(6) 
distance as 2.6 4- 0.2 	and as many as possible other 
Ca-C) distances as 2.7 + o.3 	Similar Ca-0 distances 
have been founc in complexes of calcium ions with uncharged 
143 sugars by Bugg  
44 Ca 
/ I \ 
/ I \ (Th 	I 
:0H2  
139 
Fig. 33. Coordination triangle formed by calcium ions with 
uronic acids. 
Calculations were performed to establish the 
ability of the relevant polysaccharides to form such 
favourable coordination complexes. The calculations were 
carried out on the appropriate disaccharides, which ar 
a-L-gulosyluronatea-L-guluronate (Sul-gui), 
-D-manno syluro nate- -D-mannuro nate (man-man), 
a-L-gulosyluronate--3_D-mannuronate (gul-man), 
-D-mannosyiuronate-a-L-guluronate (man-gui) and 
a-D-galac to syluronate -a -D--galac turonate (gal-gal). 
In each case it was established whether the 
criteria defined above could be met for 0(6) with any two of 
0(5) on the same residue, and 0(2) and 0(3) on the next 
140 
residue in either the reducing and non-reducing directions. 
The coordinates taken were Arnott and Scott 
(see section 3.4) with the Coo group planar and with 
c(5)-c(6)-0(6) and -0(7)  116.80, and C(6)-0(6) and 
0(7) 1.25 X. The dihedral angle 0(5)-C(5)-C(6)-0(6) was 
established in various ways. From the already mentioned 
* 	 141 
crystal structure determinations 	
J. 
one of strontium 
-4,5-digalacturonate 144  (which contains four non-
equivalent residues) and one of potassium glucuronate 145, 
a total of seven examples, the angle was calculated to fall 
always within the limits of -35° to +15° (positive angle 
being towards H(5)). The calculations were performed with 
the dihedral 




 steps from -350  to +150, and 
fixed at --5°. 
It was found that the differences were in every case 
marginal: the quoted results are those from (c). 
The calculation of the triangles was carried 
out for every linkage conformation taken in 100  steps 
allowed by the hard sphere criteria previously detailed. 
Coordination of the cation with the three oxygens atoms at 
P1 = 0(6), P2 and p3 was deemed to be possible if(fig. 34): 
141 
F3 
Fig. 34. Test case for cation coordination. 
1) p1p2< 5,8 L 	5.8 X, p2p, 6.0 L which 
are the limiting conditions for coordination with 
two oxygen atoms, and 
P= Ca existed such that 	2.8 X, when 
was in the plane of P1Pp, which is the limiting 
condition for coordination with three oxygen atoms, 
since any out-of-plane position for P4 will yield 
a J.arger PIP  distance. 
It can be seen from models that this covers all 
possibilities allowed by the hard sphere restrictions on 
the atoms concerned. 
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lior the three uimers corresponuin6 to 
homopolysaccharicles, helix parameters were calculated 
(see section 4.5). For man-gui and gui-man taken together, 
helix parameters for the alternating heteropolysaccharide 
were calculated. 
Figs. 35 to 39 show the hard sphere maps together 
with the number of possible types of triangle possible for 
each linkage conformation. Helix parameters are superposed 
for the hornopolymer cases. 
The results may be summarised as follows 
poiyguuronate can form chains with two or 
threefold symmetry with good binding sites involving 0(6), 
and in most cases 0(5),  with 0(2) and 0(3) on the next 
residue in the N-direction, giving probable four oxygen 
coordination. This is in agreement with the experimentally 
observed twofold structure 146 
polygalacturonate can do so too, but mainly for 
only three oxygens, for fewer linkage conformations and only 
for n= 2. It seems therefore not unlikely that its calcium 
salt exists in a twofold form, although the sodium salt has 
been shown to be threefold 147 0 148 	The 0(6)-O(2) distance 
here is however markedly less than with polyguluronate 
(typically 3.4 X against 3.8 X) which may explain the ion 
selectivity ctitlerence between the two observed by 
143 
Figs. 35 to 39. Coordination possibilities for 
disaccharide residues. 
Solid outlines show the hard sphere permitted regions. 
Full line contours are constant n. 
Dashed line contours are constant h in . 
Numbers within the outline are the number of triangles 
possible (see text), maximum 3. Blank indicates o or 1. 
The upper diagram in each case is from 0(6) towards 
oxygens atoms on the next residue in the direction towards 
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Smidsr 	anu co-workers. AlthouLh both bind. Ca with 
about the same affinity 149  polyguluronate binds the 
larger Sr and. Ba ions much more strongly than 
polygalacturonate, and vice versa with the smaller 
++ 	150 Mg ions 
polyrnannuronate chains form sites with both two 
and threefold symmetry, but inspection of models shows 
that the -linkage combined with the observed threefold 
screw symmetry 146 leads -to a much flatter structure which 
gives much poorer 'nests,  for the cations to occupy. 
This partly explains the observed inability of such chains 
to complex except at higher ion concentrations. 
The observed threefold screw symmetry of calcium 
mannuronate contrasts with the twofold guluronate, 
particularly since both are twofold in the acid form 146 
The chains of alternating mannuronate and 
guluronate show a few possible combinations with three or 
fourfold symmetry, but these are very heavily outnumbered 
by more open structures which cannot complex. 
Consideration of the packing of such complexed 
chains suggests a structure resembling an egg-box (see 
fig. 40). Here each ion can complex with two chains, 
provided each is sufficiently bent, in accord with the 
results presented above. The structure will undoubtedly 
150 
o 00 0 
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Fig. 40. The egg-box model. 
reinforce in three aimensions, particularly for the cases 
of three-fold symmetry, where the simple picture must 
be elaborated. 
In this model, the binding will be cooperative 
in the sense that the aggregates, once formed, will easily 
accept further strands, foriing a compact three-dimensional 
structure. 
5.3  CA RAG 	AN - THE COIL TO 	XTRANSP0B11ATI0N 
Carrageenans are gel-forming sulphated 
polysaccharides obtained from certain seaweeds1 Their 
wide use industrially as food additives derives from their 
'5' 
texturing properties, the molecular and conformational 
basis of which is thus of considerable interest. 
Rees and co-workers have shown that 1- and. 
x-carraeenan (VI) can exist in a double helical form in 
jo 	 50 the solid state 	and in solution 	, The solution form 
undergoes a helix to rana.om coil transition on being 
heated, which is reversed on cooling. 
For any polymer, the existence of a regular 
helical structure is entropically unfavourable, since it 
implies that each linkage is restricted to the same 
conformation. For a helix to be stable, thus, there must 
be overriding enthalpy terms. 
The most widely studied coil to helix transition 
is that of the polypeptide cc-helix, which is a single 
helix. The enthalpic stability here was originally 
ascribed 19 to hydrogen bonding between the turns of the 
helix, but has subsequently been shown to derive from 
polar and van der Waals interactions as well. The hydrogen 
bond term in particular makes the transition cooperative, 
in the sense that the average number of stabilising hydrogen 
bonds per turn of helix increases with the number of turns. 
In this system there is a critical length ci helix of n 
resiuues such that any larger one is stable with respect to 
the coil: i.e. if A G(n) is the free energy difference 
152 
Ii 
Fig. 41. The free energy (B) required to add the n th residue. 
The shaded areas are equal. 
between n residues of coil and of helix, and 
B(n) = AG(n) - 	G(n-1), the athlitional free energy for 
adding the nth helix residue, then B will vary as in 
fig. 41, aria n 	will be such that 
G (n* )= 	B (n) 	0 	 (1) 
n=1 
A treatment essentially similar to this has been applied to 
the a-helix by Brant 151 
Zimrn and Bragg 152 have expressed this in more 
formal terms. They represent the chain as a sequence of 
Os and. is, 0 representing a residue which is not H-bond 
153 
stabilised and 11, one that is. They assign a probability 
to any sequence as the product of the following terms; 
1) unity for every 0; 
s for every 1 following a 1; 
as for every 1 following -' or more Os; and 
zero for every 1 following fewer than Os. 
Factor (iv) eliminates sequences of less than 
V bonds: e.g. in the a--helix with 3 bonds per turn, a 
sequence of two missing bonds is deemed impossible. 
The ratio l:s then represents the relative 
probabilities of a residue existing as coil or helix, 
other than as the end residue, so that s>l represents a 
stable helix and vice versa. The quantity a, which is 
often 10_2  or less, is the diminution of s for the 
residue at the 'growing' end of a helical region. 
This treatment is clearly very simplified, since, 
for example, the transition from 0 s to s should obviously 
be gradual nevertheless this model and developments of it 
have been of considerable use in helix-coil transition 
studies, 
For carrageenan, where the transition is to a 
double helix, clearly the situation is rather different. 
For the first turn to form there is an additional, probably 
large, entropy term arising from the need to bring the two 
154 
chains tobether. 	In oro.er, therefore, that 
the transition 
may occur at normal temperatures, there must exist a 
similarly large favourable enthalpy term for the helix. 
If 	H and 	S are the differences between coil 
and helix 
enthalpy and entropy then at the transition temperature 
AG=O, i.e. 	AH=TAS 	and T=AH/AS. 	
The sharpness of 
the transition is given by Schellmanfl'S treatment 153; thus 
if (c) and (h) are the concentrations of coil and helix, 
K 	(c)/(h) = exp (-AG/RT) 
= exp (- AH/hT) exp (A SIR),  
whence 3 K/3T =6H/RT2. K 
 
The fraction existing as coil, 1, is 
1= 	(c) / 	(c)+ (h) 	= K/l+K  
= 	1/ (1+K)2. 	K/T  
At the transition temperature, 	K=l, thus 
f/ 2T = AH/4RT2  
so that the sharpness of the transition is enhanced if 
H is large. 
This treatment makes certain restricting 
assumptions, notably, that each molecule is either entirely 
coil or entirely helix, and does not exist with helical 
and coil regions along its length. It is also applicable 
only to monodisperSe systems, since molecules of different 
lengths will have different values of AH. Such poly-
dispersity;  as occurs in most polymer samples, will manifest 
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itself as a broadening of the transition. 
An attempt was made to calculate &H for 
carrageenan by the methods previously described. The 
molecule chosen for study was a completely unsuiphated 
one. Althouh such a species has not yet been isolated, 
the series of 1-carrageenan (with 2 sulphate groups per 
disaccharide unit), R-carrageenan (with 1) and 
furcellaran (with about 0.4) shows features suggesting 
that the stability of the helix increases with decreasing 
suiphation, notably in that the transition temperature 
increases and the calorimetric heat of the transition 
increases 	In any case, because the sulphate groups occur 
on the outside of the helix, their absence is unlikely 
to affect greatly the conformation of the chain, :vig. 42 
shows a photoraph of a Beevers model of Rees' 
1-carrageenan double helix, which has n=3 (disaccharides) 
and h= 8.67 2, showing 5 disaccharide residues on each 
strand. The strands are parallel but staggered. 
The interaction energy was calculated for 
interaction of one residue on one strand with several on 
the other. It was found that (set fig. 42), taking residue 
on strano. 20 interactions with residues beyond 1 and 5 on 
strand 1 were negligible. Because the chains are staggered, 
the strand 2 residue was BA, where B represents the galactose 




















Fig. 42. Beevers model of the i—carageenan double 
helix, n = 31  h = 8.67 A. 
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Coordinates for the disaccharide unit were taken 
from the x-ray work 01 Caipbell 154  Williamson 155  has 
noted from infra-red studies the existence of a hydrogen 
bond. between 11(06) and 0(2)' on the B residues, and to 
optimise this 0(6) and 11(06) were fixed in the plane of 
0(5), 0(6) and 0(2)', thus fixing also 11(6) and 11(7), and 
11(02)' was fixed in the plane of C(2)1, 0(2)' and 0(6). 
The remainin, unfixed hydrogen atoms, 11(04) on B and 
11 (02) on A were fixed in torsion minima lO°from 0(5) and 
0(1) respectively, since their position would not seem to 
be of much significance. 	The energy calculation was then 
as before, using terms for van der Waals and polar 
interactions only, all torsional terms being constant. 
The results are shown in table 19, from which it 
can be seen that the strands attract each other quite 
strongly. These energies will be increased by the hydrogen 
bond energy but much reduced by the fact that a helix strand 
will be less solvated than the coil because of the blocking 
effect of the other strand. 
From table 19, the energy associated with a 
particular opposite pair of disaccharides may be calculated 
as the sum of their mutual interaction energy, plus half of 
their interaction energy with other residues; thus within 
the helix this is -13.4 kcal/mole of disaccharides and for 
Tabl€ 19 	CARRAGEENAN flERSTRPdD flTRACTI0N EBERG]ES (kcal/mole of disaccharides) 
Resi.ue on 	 Interaction energy with residue on strand 2. 
strand 1 A 	 B 	 dis-d.is  
polar 	VdW total 	polar 	Vd.W total 	total 
l. 0.00 0.00 0.00 0.01 0.00 0.01 0.00 
B 0.00 0.00 0.00 0.02 -0.03 -0.01 
2, 0.00 -0.02 -0.02 -0.39 -0.75 -1.14 -3.72 
B -0.04 -0.11 -0.15 -0.64 -1.77 -2.41 
3. 0.16 -1.49 -1.33 -0.39 -2.87 -3.26 -10.26 B -0.39 -2.87 -3.26 -0.64 -1.77 -2.41 
4A 0.16 -1.49 -1.33 -0.04 -0.11 -0.15 -2.63 
B -0.39 -0.75 -0.14 0.02 0.03 0.01 
5. 0.00 -0.02 -0.02 0.00 0.00 0.00 -0.02 
B 0.01 0.00 0.01 -0.01 0.00 -0.01 
(Because of symmetry, certain of these terms are equal) 
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the last residues at the reducing and non-reducing ends 
respectively -12.1 and -11.6 kcal. 
An additional factor which may favour either 
helix or coil arises from the freezing of the linkage 
conformation in the helix at a position which is not of 
average energy when adjacent residue interactions are 
considered as in chapter 4. If the helix linkage 
conformation is close to the minimum, this will favour the 
helix (since the coil mean energy will be somewhat higher 
than the minimum), otherwise it will favour the coil. 
Disaccharide interactions were calculated for 
both linkages using the same cocrdinates as in the helix 
calculation and the usual potential function. In both 
cases, the helix linkage conformation is close to a local 
energy minimum but relatively remote from the global 
minimum which in each case is about 0.5 kcal/mole lower. 
Since the coil is likely to contain a substantial fraction 
of this global minimum conformation, this result is in 
accord with the observed considerable optical rotation 
change for the transition 50, 157 	For the 1,3 linkage, 
the a.ouble helix conformation is about 2.5 keel/mole above 
the global minimum aria, for the 1,4 linkage, about 
keal/riole. It is aif1e - to estimate the mean energy 
from this source of the coil, but it is likely to be no 
more than 1 kca1mole above trie subsidiary minimum, 
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assumin as a worst case that the gioDaJ. minimum is 
1ar6el pieciudea Oy loner range interactions. 
Thus, by this efiect the stability of the helix 
calculated above must be reduced by about 2 kcal/mole per 
linkage constrained to helix conformation, or 8 kcal/mo.ie 
for a pair of disaccharides. The magnitude of this effect 
at the ends of the helical regions is not casily estimated, 
but may well be greater, in that linkages being changed to 
the double helix conformation may have to pass through 
higher energy conformations. 
Since the available coordinates are from an 
unrefined crystal structure determination, the values of 
and in the helix are somewhat uncertain. Arnott 
and Scott 158, however, have made a preliminary refinement 
of the structure and ha 
&
estimated that neither value will 
change by more than 100. In the extreme case, this would 
approximately half the effect noted here. 
me conformational potential energy arising from 
interactions within and between the strands is thus 
estimated as about -5 kcal/mole of pairs of disaccharides 
within the helix or hiher (less negative) at the ends. 
The following factors must be taken into account 
in the consideration of the relative stabilities of the 
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forms anu of' the transition. 
Against helix existence: soivation (a 
stabilising process) is greater in the coil. 
Against helix existence: the coil Is entropically 
favoured. 
Against helix existence: the linkage conformation 
of the helix is not that giving lowest enthalpy 
for adjacent residue interactions. 
Against helix initiation: there is loss of entropy 
on bringing the strands together. 
Against helix initiation: the first pair of residues 
have higher (i.e. smaller negative) enthalpy than 
subsequent ones (calculated above). 
For helix existence: van deraals and(particularly) 
polar forces hold the strands together. 
For helix existence: hydrogen bonds hold the strands 
together (but note that unlike the a-helix case, this 
bond is perpencLicular to the helix axis and thus does 
not contribute to cooperative helix formation). 
It is difficult to do more than speculate on the 
relative importance of these factors. 
Experimental work 	which is complicated by the 
polydispersity of the samples used, shows typically a 
transition over about 30 to 50 K decrees, which displays 
159 
wnicn give a direct 
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measurement of the net enthalpy change (including 
solvation) give for 1-carrageenan i-i= 0.8 kcal/mole, for 
-carxageenan, AH = 1.1 kcal/mole and for agar, 
= 1.2 kcal/mole. Agar is an unsuiphated polysaccharide 
similar to carraeenans but with L anhyaro residues. 
In the terms of' the Zirnm and Bragg theory, a- is 
likely by virtue of term (iii) to be much less than unity, 
and s will vary markedly with temperature on account of the 
large entropic contributions to AG. 
In conclusion, the thermodynamic balance is 
clearly complex and the field is open to the development 
of methods of measuring or calculating the factors 
involved. The present treatment makes no pretence to do 
more than suggest the sources of these factors. 
5.4 	TFLE X1L MT TRIPLE H IX 
The structure of -1,3 xylan has been 
postulated by Atkins 160  to be triple helical, with 
ml = 6 and h-3,o6 , 
A similar calculation to that described in the 
preceding section was carried out for this polymer using 
Arnott and Scott coordinates. Because of the symmetrical 
natuie of the ystezu, interactions between only two strands 
neeu to be calculated. 
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The results are shown in table 20 and suggest 
that the riht hand helix is slihtly stabler. Considering 
each of each of the three strands, the energy of a 
monosaceha.riue resiu.ue remote from the ends of a strand 
is -6.0 kcal/mole of residues for the left-handed helix 
and. -7.2 for the right-handed one. Each of these will be 
increased in magnitude by the energy of the hydrogen bonds 
formed between the 0(2) atoms, the geometry and thus the 
energy of which is almost identical (but mirror-imaged) 
for the two helix forms. 
on tnis basis, therefore, it would appear that 
neither structure is izipossible, and that the right-handed 
helix is perhaps slightly favoured. Atkins comes to a 
similar conclusion on the basis of his x-ray work. Rao 161 
has made a calculation using a Kitaigorodsky potential with 
no polar terms and concludes that the energy of each form 
is almost the same, but endorses Atkins' suggestion that 
the right-handed helix can form weak hydrogen bonds with 
water molecules which bridge the strands. 
Until lurther evidence is available, therefore, 
it must be assumea that neither structure is ruled out. 
5.5 B-AYL0S_-_SINGLE CR DOUBLE F=-.!X?  
Reference has already been made to the controversy 
regarding the conformation of B-arnylose. 
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TABLE 20 
Xylan triple helix interstrand interaction energies. 
Interaction (kcal/mole) of one residue with the residue on 
another strand displaced in residues along towards the 
reducing end of the chain. 
in 	 Left hand. 	 Right hand 
helix helix 
-5 -0.01 -0.03 
-4 -0.02 -0.07 
-3 -0.06 -0.26 
-2 -0.15 -2.12 
-1 -0.33 -3.10 
0 -1.23 -0.70 
1 -2.45 -0.44 
2 -1.49 -0.15 
3 -0.15 -0.13 
4 -0.05 -0.10 
s -0.02 -0.05 
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In section 4.3 the results of energy calculations 
on the a-1,4 linkage are iesexited, and the proposed 
conforiatiofls, both sinle and double helix, are shown on 
the energy maps. 
The double helical structure, with n= -6 and 
h=3.46 X is, as previously stated, geometrically 
impossible without some distortion of the A & S geometry. 
The necessary distortion was calculated to be either a 
reduction of the glycosidic angle by 
40  to 113°, giving 
the required n and h at 4) = 1620 anu = 143, or an increase 
in the 'virtual bond angles'(see section 4.2; 112and3 in 
fig. 25) by 2 each, yielding 4) = 1640 , ij = 1440. This 
last distortion, if distributed among the contributory 
bond lengths and angles, is likely to be well within the 
precision limits of the A & S coordinate set. These points, 
and the nearest approximation without distortion are very 
close to the calculated minimum energy linkage conformation, 
and for this reason, this structure was further investigated. 
Rees 162 has described a procedure ('Modelbuild II') 
for examining the feasibility of double helical structures, 
using hard-sphere criteria. This consists of fixing one 
helical strand r-,nd moving another residue from a position 
initially coincident with a residue on this strand, parallel 
to the helix axis (the d direction) and rotationally about 
the helix axis (the e direction). A hard-sphere map in 
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d and e is then produced, representing all possible 
double helical structures with parallel strands, and 
another similarly yielding antiparallel structures. 
The position of highest h with n= -6 was 
accurately lcated (see section 4.2) as jl56.920 , 
0 4J = 163.490, h = 2.999 A and using Rees' procedure it was 
found that a double helix is possible only for parallel 
chains where d=9 X and e=o°, i,e, with the two strands 
symmetrically placed and corresponding atoms in the same 
plane perpendicular to the helix axis (see fig. 43). 
This structure can be seen from models to have 
a 'hoiet along the helix axis, so that stretching to the 
observed h = 3.46 X will ease the interstrand interaction 
without introducing any major clashes across the helix 
axis. 
From this work no clear preference can be 
established between single and double helical structures. 
However, if the strain required to extend the projected 
residue height by about 0.5 X is not too great, the double 
helical structure would appear to be the one with linkage 
conformation closest to the calculated minimum of enthalpy. 
Several other helical amylose structures have 
been observea, notably the triacetate 65  and the complex 
wiLh puLbiun 	urnidt 53. Values of n, h, d and j for these, 
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Fig. 43. Hard sphere map of amylose 
double helix, showing fully (solid 
line) and. partially (broken line) 
allowed regions in d, displacement 
parallel to the helix axis, and Q, 
rotation about the helix axis, 
defining the second strand relative 
to the first. 
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assuming A & S geometry, are given in table 21. 	It is 
of note that this geometry, unlike that of Blackwell et a165 
perihits all these forms to exist, as well as the six- and 
seven-lola complexeci structures. Clearly, however, the 
helix parameters in this system are very sensitive to small 
chanbes in the ring geometry. 
5.6 CONCLUSION 
In 1969, when the work described in this thesis 
was started, almost all published calculations on 
carbohydrate conformation were on the basis of the hard 
sphere approach. Since then, several attempts, including 
this one, have been made to calculate ene'gies, and already 
these are beginning to provide so-lutions to structural and 
conformational problems. 
The value of these calculation methods lies in 
their ability, to analyse the contributory factors 
determining the stability of systems, and thereby to give 
insights at a molecular level which may be used to direct 
further experimental work. The scope for further work is 
almost unlimited, both in the application of the present 
methods and in the a.eveiopment of refinements and extensions 
to cover a wider range of molecules and systems. 
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TABLE 21 
Calculated and V values for helical amylose structures. 
Structure 	Reported 	 Calculated 
n 	h(X) 	'p 
Triacetate 	-14/3 	3,75 	134° 	1510 





A 1.1 	APPiNDIX 1 - FUNCTION OPTLISATION 
The problem Irequently arises in conformational 
work of finding the optimum or minimum value of a function 
of many variables, F(x), x = x1, x2, •.. 	Many algorithms 
exist 	for doing this, most of which require a starting 
point x0 from which they iteratively descend to a minimum 
of F. which may or may not be the global minimum if F has 
any subsidiary local minima. Some require a procedure for 
calculation the derivate of F with respect to each x at any 
point. These have the advantage in general of requiring 
fewer function evaluations to achieve a given accuracy, 
but the disadvantage that the derivatives may not be easily 
calculable. 
A full review of available methods is outwith the 
scope of this thesis and is available elsewhere 
118, 
 but a. 
brief mention follows of several methods found useful in 
this work. 
A very powerful method requiring derivatives has 
been o.escibed. by Davidon 164 and in a modified form by 
Fletcher and. powell 
165  Powell  166  subsequently adapted 
this procedure to operate without derivatives in a method 
which is reliable and rapid. More recently, Stewart 167 
has published an even better version, an algorithm for 
which has been given by Lill 
16t, 
 This was coded in Fortran 
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and found to give excellent convergence, but to be trouble-
some for certain combinations of function and gradient 
values. 
A less efficient but very robustmethod has been 
proposed by Nelder and Mead 169  This 'simplex' method 
has been extensively used and is discussed briefly in the 
next section. 
The problem of finding a global minimum amongst 
several local ones has been little considered. Crippen 
and Scheraga 170  have however devised a sophisticated 
I spotting algorithm which does this effectively and have 
used it to find the minimum energy conformation of 
tetraglycine. 
For general use, when the number of function 
evaluations is not uncuiy critical, thus, the methods of 
Powell 165  or Nelder and Mead 169 can be recommended. 	.or 
work where the function takes a long time to evaluate it 
may be worth trying Stewart's algorithm 167 
A 1,2 	SIMPLEX NINII4ISATIO14 
Nelder and. Mead's 169  simplex method has been 
used frequently in this work. It has the advantage of being 
simple to use and understand. A brief aescription follows. 
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A simplex is an array of n+l points in 
n-dimensional space, for example a (not necessarily regular) 
tetrahedron in )-dimensional space. The method takes an 
initial simplex in the space of the variables of the 
function uncier consicieration and mou.ifies it iteratively 
until it contracts on the function minimum s Three 
modifications are used, reflection, contraction and 
expansion. 
Reflection consists of reflecting the simplex 
vertex of highest function value in the centroid of all 
the other vertices (fig. 44). Contraction follows 
reflection in certain circumstances, and is a moving of 
the same point half way back towards the centroid of the 
others (fig. 45). .xpansion also follows reflection and 
consist of moving the same point twice as far from the 
centroid of the others (fig. 46). Each of these operations 
is considered as a success if the moved point has its 
function value lower than all the others, or to be a 
failure if not. Fig. 47 shows the logic of the process. 
The salvage operation required for a failed contraction 
occurs only rarely in practice ana comprises moving every 
otner point halfway towards the best point. 
The criterion for termination of the iterations 
used is twofold: the procedure terminates with the centroid 
of the simplex when two successive iterations (or groups 
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Fig 44 Reflection 
	
Fig 45 Contraction 
Fig 46 Expansion 
Simplex operations in 3—space. 
is the point being moved, which 
of highest function value. 
X is the centroici of all the other 
0 is the new position of the moved 




Y - yes 
S -  success 
F- failure 
4- replaced by 
CONTRACT 





















ri47 cmnl i+rthirr 
I 	I 1,  
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of iterations) show 'converence' to points 'sufficiently 
close' tother or a secifieci number of iterations has 
been completea. 'Converence' is uefined as when the root tD 
mean square ctistance from each point to the centroid is 
less than a preset value, and points are 'sufficiently 
close' if within that distance. 
10 
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A 2. 	ApPENDIX 2 - RANDC 	UIJBRS 
The random numbers used in the Ionte-Carlo 
methods described earlier were in fact pseudorandom 
numbers generated by the congruence method 171 
If x is one of a pseudorandom sequence then x 1 is 
given by 
= 	(ax) modulo n 
where a and n are chosen according to established 
principles. For this work the values used 
172  were 
a = 65 539, 	n = 2 147 483 648 (= 
2 31), 
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A 3. APPENDIX 3 - GEOMiiTRICAL MANIPULATIONS 
Several essentially geometrical operations occur 
frequently in this thesis: they are gathered together here. 
In this appen.ix P1, P2 etc. are points with coordinates 
(x1, y1, z1), (x2, y2, z2) etc; 	rj is the vector 
magnitude rjj, components x, Yij and z. 
(i) Calculation of angles 
The angle Pip i Pk) denoted 0 ijkl is most easily 
r . 	cos e i derived from the identity £ji•jk 	r..  k jk' 
whence 
x..x. +y...y. -i-z..z. )/r..r. ek = arc cos ((. 	 jk 	. k) 	
(1) 
.i) Rotation about a coordinate _axis. 
If p1 is rotated by clockwise, looking from 
+co , about the x axis to become P, then 
xi, = 1 0 0 
y.' 	0 	cos 	sin 	Yi 	 (2) 
0 	-Sin d 	cos 	LZi 
r ' 	T 	 r =x • —ci 
Similarly, 
Ios 4 o -sin 4 	 cos 	sin4 0 
(4) = 	1 	0 	 T(4) = 	-sin 	cos 	0 
0 cos 4 	 0 	0 	1 
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Alignment upon axes 
It frequently is required that a set of points 
be rotated about the origin such that a specified one 
lies on a given semi-axis. For example (see fig. 48) if 
P. is required to lie on the positive x-axis, two rotations 
of the system are required, by n,  about the y-axis followed 
by 1 about the z-axis. 
Define A(y,x) = [arc tan (y/x), x > 0; 
arc tan (y/x) + sign (y).rV , x<0; sign (y).1T/2, 
X 	0 and y 4 0, undefined if x = y = O],arc tan being 
taken in the range -IT< arc tan (p)rr . This function is 
supplied by many computer systems (two argument arctangent). 
Then 	A (_z, x1) and 	A (y1, j12 + z12) 
and the transformation matrix required is thus R, where 
- cos cost sin -cos 	sin 
R 	= -sinl Cos  rL coz sin l 	sin r1 
SIflft 0 COSr 
Calculation of dihedral angles 
The following procedure determines the 
dihedral angle between the planes defined by 
P.PP 	and P p i j k jk1 
Let it be 	ij1cl 
(3) 
loCUS Of Fç  
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is'. 48. Rotation angles required to align OP  with the 
x—axis. 
Fig. 1C 	m. floating -7s problem. 
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Let r = A (-z .k, xjk), A as above. 
fy-jk 2 	2  +zjA 'jk' k / 
whence matrix H (equation 3). 
Let r,)]' = R . r ji and !k1 = 	• 
Then 13ijkl = A (zklT, kl 	- A (z
1i y..'). 
Angle 3 will be positive if, when looking from p to P 
kJ 
Pi  is Pclockwise from p. 
(v) Rotation ofa point about an arbitrary axis. 
This 'floating atom' problem is that of placing 
(see fig. 49) a point p 
k  at a distance d from P such that 
angle 9 ijk  is w and dihedral angle 31ijk  is V. The problem 
usually relates to constant d and w and varying v, 
accordingly, the following procedure 
sets up an array of 15 quantities Xi,' i = 1 to 15 
from the positions of P1, p and. P1, and d and w, find 
uses it, repetitively if required, to generate P
k  
from X and v. 
Let X11, X12 and X13 be x1, y,  z respectively. 
If x ij = ij z =0, let rL = 0; otherwise 







Let X 15 = ci sin (rn -w). 
and X14 = ci r ij cos (iT _w). 
xi  x4 -x?  
Let 	X2 X5 - 	= B from rL and 1 (eqn. 3) 
-x3 x6 x9  
Let a = _cosrL sin I ii + cOS 	il - Sin r sin ' z 1  
and b = -sin ft 	+ COS ft z. 
and finally X10 = A (b,a). 
We now have all fifteen elements of X 
For any v, 	then, let u = v + X10 , 
let p1 = X14, 
p 2  =x 15 cos u , 	p3 = X15 	sin u 
cnc1 then 
Xk A1 
= x4  
X 7  
X2 	X3 	- p1  
x5 x6  p2  + x12  
x 	X9 	- - p3  X13 
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A 4. 	APPENDIX 4 - C01PUTIIG DETAILS 
The programs used in this work were mostly 
written in Fortran IV. They were run variously on the 
IBI. 360/50 anu. 370/155 at the Edinbur6h Regional Computing 
Centre anci the .360/50 anu 360/65 at Unilever Computing 
Services Watfora. Data Centre under the G and H compilers, 
and on the ERCC ICL 4/75 under the ERCOS Edinburgh lortran 
compiler. The Honeywell timesharing terminal service on a 
GE 265 computer using enhanced Fortran II was also found 
invaluable for preliminary programming and for geometrical 
work. 
Running times for the two long programs detailed 
in the prececdng chapters on the 360/50 under H compilation 
were, for the monosaccharide program (chapter 3) about 
9 nuns per conformation or about 2-i- hours for all 16 
and for the disaccharide program (chapter 4) about 5 mins 
per /4i combination for which the averaging phase was 
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